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Chapter 8 Ternary heterogeneous azeotropic systems 

Chapter 8 

Ternary heterogeneous azeotropic systems 

8.1 Introduction 

The traditional method for simulating distillation tray columns is based on the equilibrium 
(EQ) stage model wherein the vapour leaving any stage is assumed to be in equilibrium with 
the liquid leaving that stage through the downcomer. In practice, the contact time between the 
vapour and liquid phases is not long enough for equilibrium to be established and Murphree 
(1925) was the first to provide a measure of approach to equilibrium by defining the stage 
efficiency: 

E, =y'-"~yLE\ i = l,2,-n (8.1) 

where the subscript i refers to species i in the «-component mixture, and the subscripts E and 
L refer to the entering and leaving streams on the stage; see Fig. 8.1. The y* represent the 
compositions of the vapour that would be in equilibrium with the liquid leaving the tray. The 
mole fractions add to unity: 

2>u=i; Ê J ^ = 1 ; ï>*=' (8-2) 
/=i i=\ i-\ 

and, consequently, only n-\ of the Murphree stage efficiencies E\ are independent. For a 
binary mixture, n = 2, there is only one Murphree stage efficiency, that is equal for 
components 1 and 2: 

EiSSy^-y^ = y^-y»=E ( 8 3 ) 

y\-yus yi-yij. 

When the number of components n is three or more: there is no requirement that the 
Murphree efficiencies E{ be equal to one another: 

£•, *E2 * £ \ #E„ (8.4) 

There is a large body of experimental evidence for ternary distillation in the published 
literature to verify that component efficiencies are not equal to one another and that any of 
these efficiencies could vary from -x to +cc; see the comprehensive literature survey given in 
Chapter 13 of Taylor & Krishna (1993). Careful examination of the classic paper by 
Murphree (1925) reveals that he appreciated Eq. (8.4) already in 1925: "For three-component 
mixtures the approach to equilibrium would not in general be equal for the two volatile 
components,...". It is only several decades later that procedures for calculation of the 
component Murphree efficiencies were developed by adopting the Maxwell-Stefan (M-S) 
formulation (Krishna & Wesselingh, 1997; Taylor & Krishna, 1993 and Wesselingh & 
Krishna, 2000) to describe intraphase mass transport. 
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Fig. 8.1. Schematic of the bubble froth regime on a tray with two liquid phases. 

In the M-S diffusion formulation, chemical potential gradients are used as the driving forces 
for diffusion and a linear relation is postulated between the driving forces and the fluxes in the 
form: 

RT 
V/v,=Z xJ.Ni-xlNj 1,2,... n (8.5) 

where x\ represent the mole fraction in the fluid phase under consideration; N\ are the molar 
fluxes; Dy are the M-S diffusivities; V/ux are the chemical potential gradients. It is of historical 
interest to note that Lewis & Chang (1928) were already aware of the usefulness of the 
Maxwell-Stefan formulation for modeling mass transfer on distillation trays. 
Following the approach of Taylor & Krishna (1993), we can also write the M-S formulation 
in terms of the phase mass transfer coefficients K^\ 

2XAV,=I 
x,N: -x.N, 

C,K„ 
1,2,...«-1 (8.6) 

where Ax: represents the differences in composition between the bulk fluid phase and the 
interface. 
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The Ty represent thermodynamic correction factors 

r„=<5,+.Y,^l^ ; /,y = l,2,.,7-l (8.7) 
dXj 

Eq. (8.6) can be re-cast into n-\ dimensional matrix notation 

{N) = ct[k\FlAx) (8.8) 

where [k] is the (n-l)x(n-l) dimensional square matrix of mass transfer coefficients. For a 
ternary system, the four elements of [A-] can be determined explicitly from the following set of 
equations (for derivations see Taylor & Krishna (1993)): 

A-p = y,ic-,Jfcn -K„)lS 

I' V c (8-9) 

Ki = K-a G w 3+(i - y>2 Yn)ls 

where 

S = ylK]3+y2Kl3+y3K12 (8.10) 

Eqs (8.8), (8.9) and (8.10) show that flux of any species depends on the driving forces AXJ of 
all the species present in the mixture. The extent of coupling depends inter alia on the 
differences in the transfer coefficients *5j of the binary pairs i-j in the mixture in either fluid 
phase. For a mixture made up of components that are similar in molecular size, shape, polarity 
and hydrogen bonding characteristics, coupling effects are expected to be minimal and the 
component efficiencies are nearly equal to one another. This is the case, for example, for 
distillation of close boiling hydrocarbon mixtures. On the other hand for highly non-ideal 
mixtures of components with widely differing molar masses, coupling effects can expected to 
be very significant. The influence of diffusional coupling manifests itself in significant 
differences in the component efficiencies E\. For simulation of multicomponent distillation 
columns the M-S formulation has been incorporated into commercially available software 
packages such as RATEFRAC (marketed by Aspen Technology) and ChemSep (available 
through the CACHE corporation; see also www.chemsep.org). Such simulation models are 
usually called rate-based or nonequilibrium (NEQ) models to distinguish these from the 
classical approaches using EQ stage models. 

Recently, Springer et al. (2002) have performed experiments in a distillation tray column with 
the homogeneous azeotropic systems water-ethanol-acetone, water-ethanol-methyl acetate, 
water-ethanol-methanol and water-ethanol-methanol-acetone to demonstrate that as a 
consequence of differences in values of E\, the composition trajectories in the column are 
significantly different from that predicted by the EQ stage model (see chapter 6). More 
dramatically, they have shown for all the systems studied, distillation boundaries can be 
crossed when such crossing is disallowed by the EQ stage model. The work of Springer et al. 
(2002) has underlined the need for rigorous NEQ models in simulation and design. 
In the present communication we focus attention on heterogeneous azeotropic systems, i.e. 
systems that exhibit liquid-liquid phase splitting on at least some of the trays. Heterogeneous 
azeotropic distillation is widely encountered in the process industries (Doherty & Malone, 
2001), for example in the production of dehydrated alcohol. Published simulation models for 
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distillation tray columns with two-liquid phases, include the EQ stage model (Block & 
Hegner, 1976), EQ stage model with Murphree stage efficiencies (Ross & Seider, 1981), and 
the NEQ stage model (Eckert & Vanek, 2001) in which the two-liquid phases are assumed to 
be in thermodynamic equilibrium. The experimental work of Cairns & Furzer (1990a; 1990b; 
1990c) have shown that Murphree efficiencies E\ in three-phase distillation show strong 
variations from tray to tray and are also extremely sensitive to the choice of the 
thermodynamic model used for calculation of phase equilibria. Muller et al. (Muller & 
Marquardt, 1997 and Muller et al., 1997) have demonstrated the possibility of multiple steady 
states during distillation of water-ethanol-cylohexane in a 8-stage bubble cap distillation 
column. Interestingly, Muller et al. (1997) concluded that the experimentally measured 
composition trajectories could be simulated with an EQ stage model with equal component 
efficiencies for all components in the mixture. 

Our major objective is to investigate the influence of mass transfer on the composition 
trajectories in heterogeneous azeotropic distillation in order to check whether unequal 
component efficiencies E\ can lead to qualitatively different results from EQ stage models as 
was concluded earlier for homogeneous azeotropic distillation (Springer et al., 2002). 
Towards this end, we performed experiments with two systems: (a) water - ethanol -
cyclohexane, and (b) water - acetone - toluene in a bubble-cap tray distillation column. The 
residue curve maps for these systems, calculated with NRTL parameters (Gmehling & Onken, 
1977) listed in Table 8.1 are shown respectively in Fig. 8.2(a) and 8.2(b); these residue curves 
and distillation boundaries taking account of vapour-liquid-liquid equilibria. The grey shaded 
areas in Fig. 8.2 indicate the region in which liquid-liquid phase splitting occurs. The water-
ethanol-cylohexane system shows a minimum boiling heterogeneous ternary azeotrope to 
which three distillation boundaries converge. The three distillation boundaries start at three 
different saddle points: (1) water-cyclohexane heterogeneous azeotrope, (2) water-ethanol 
azeotrope, and (3) ethanol-cyclohexane azeotrope, see Fig. 8.2(a). The water - acetone -
toluene system shows one minimum boiling heterogeneous azeotrope between water and 
toluene and a straight-line distillation boundary connecting the azeotrope with pure acetone, 
see Fig 8.2(b). 

Table 8.1 
NRTL parameters for ternary mixtures at 101.3 kPa (Gmehling & Onken, 1977). 
These parameters are used along with G„ = t'.\~p(-a„T„) anil r„ = B;/T 
Ternary systems 

* Component i Component / 
Water Ethanol 
Water Cyclohexane 
Ethanol Cyclohexane 

Water Acetone 
Water Toluene 
Acetone Toluene 

«a / [K] B» 1 [K] oij / [-1 
557.4826 29.08636 0.3475 
4422.3 1688.273 0.21159 

440.6134 717.6762 0.46261 

653.885 377.577 0.5859 
2160.78 2839.37 0.2 
-124.774 366.098 0.295 
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(a) water-ethanol-cyclohexane system (b) water-acetone-toluene system 
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Fig. 8.2(a). Residue cimve map for the Water (1) - Ethanol (2) - Cyclohexane (3) system and 
(b) the Water (I) - Acetone (2) - Toluene (3) system. The gray shaded areas represent the 
regions in which liquid-liquid phase splitting occurs. 

8.2 Experiments versus simulation 

The experiments with the two heterogeneous systems were performed in the laboratory-scale 
distillation column with ten equal bubble cap stages, a total condenser and partial reboiler 
accordingly as described elaborately in Chapter 3. Subsequently, the experiments were 
simulated with an equilibrium (EQ) stage model and rigorous nonequilibrium (NEQ) stage 
model. The complete NEQ stage model development is described in Chapter 4; an explicit 
part is attached for the NEQ stage model development for heterogeneous azeotropic systems. 
From the model development described in Chapter 4, we saw that the only unknown 
parameter is the bubble diameter c/b Once this parameter is set the complete system of 
equations can be solved. To find out what the best fitting bubble diameter for the 
heterogeneous ternary azeotropic systems must be, we first performed a couple of 
experiments with the binary system ethanol (1) - cyclohexane (2), see Chapter 5.2.6. For this 
system, the simulations were carried out by specifying the vapour composition leaving the 
reboiler (stage 12); as we proceed up the column we approach the azeotropic composition. 
Fig. 5.6 (Chapter 5.2.6) shows that these binary experiments were best fitted with a 2.5 mm 
bubble diameter. With this information, we start the discussions of the experimental results 
for the two ternary heterogeneous azeotropic systems, along with simulation results. 

8.2.1 Water-Ethanol-Cyclohexane 

The experimental results of the first system water (1) - ethanol (2) - cyclohexane (3) are 
subdivided into three different campaigns A, B and C, since the measured composition 
profiles are located in three different regions of the triangle composition space. The first set of 
three experiments, runs WEC-1. 2 and 3 are shown in Fig. 8.3. 
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Fig. 8.3. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (I) - Ethanol (2) - Cyclohexane 
(3) system for campaign A. Also shown are the simulation results showing the trajectories 
calculated by the EQ stage model and the NEQ stage model. The large open circle 
represents the experimental composition specified in the simulations as "input". In the NEQ 
model simulations, a bubble size db = 2.5 mm was chosen. 

Besides nine vapor samples, also four liquid samples of different stages are plotted in one 
single graph because, at total reflux, the composition of the vapor leaving any given stage 
equals the composition of the liquid arriving at that stage from above for total reflux operation 
at steady state. In Fig. 8.3 the vapor samples are denoted by open circles and the liquid 
samples by open squares. The large open circles represent the input composition in the 
simulations. 
All the experimental results of campaign A show composition profiles that follow a trajectory 
from the ethanol corner towards the heterogeneous ternary azeotrope, see Fig. 8.3. 
The simulation results obtained with the EQ stage model (100% efficiency) and the NEQ 
stage model with a 2.5 mm bubble diameter are also shown in the Fig. 8.3. We note that the 
NEQ model in which mass transfer effects are included, does a much better job in predicting 
the composition trajectory followed by the experiments. Another interesting point to note is 
that the experimental compositions of the column, as we move down the column to the 
reboiler, tend to move in the direction of pure ethanol. This is also the trend with the NEQ 
model. The EQ model (with 100% efficiency) predicts a different trend. Here the 
compositions, as we move down the column, has a tendency to become richer in water than in 
ethanol. 

From the experimental data with the binary system ethanol- cyclohexane, we know that a 2.5 
mm bubble diameter is the best fitting value, see Chapter 5.2.6. For Run WEC-2 we carried 
out simulations with the NEQ model for a range of bubble diameters; see the results in Fig. 
8.4. The value d\, = 2.5 mm matches the experiments quite closely. This is the case for all the 
Campaigns A, B and C for the water-ethanol-cyclohexane system. 
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NEQ model vs Experiments 

Distillation Boundaries 
D Exp. data (liq) 

2.5mm diameter 
3.0mm diameter 
4.0mm diameter 

\^J Input Composition 

O Exp. data (vap) 
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Fig. 8.4. NEQ simulation results, with varying bubble diameters, compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for run 
WEC-2 of campaign A. 

The results of Campaign B, runs WEC 4 - 9 are presented in Fig. 8.5. The experimental 
measured profiles in this campaign have their reboiler composition just to the left of the 
distillation boundary that connects the water - ethanol azeotrope to the heterogeneous ternary 
azeotrope. Proceeding up the column, the composition profile stays at the left of this boundary 
and ends up with a condenser composition in the heterogeneous ternary azeotrope, or close to 
it. In none of the experimental runs WEC 4 - 9 , boundary crossing is observed. Also plotted 
in Fig. 8.5 are the simulation results for the EQ (100% efficiency) and NEQ models. 
The NEQ model, with 2.5 mm bubble diameter, is able to simulate all the experimental runs 
very well. The EQ model on the other hand, with 100% efficiency for each component, is 
unable to match the experimental composition trajectories. For all the runs in Campaign B, 
the EQ model predicts that the distillation boundary will be crossed and the compositions 
become richer in water as we proceed down the reboiler. Such boundary crossing is not 
disallowed and has been explained in detail by Levy et al. (1985). They state "If the simple 
distillation boundary is curved, then the steady-state composition profile in a continuous 
distillation column cannot cross the boundary from the concave side but may cross the 
boundary from the convex side when moving from the product compositions inward" (see 
also Chapter 6). No boundary crossing is observed experimentally. 
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Fig. 8.5. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (1) - Ethanol (2) - Cyclohexane 
(3) system for campaign B. Also shown are the simulation results showing the trajectories 
calculated by the EQ stage model and the NEQ stage model. The large open circles 
represent the experimental composition specified in the simulations as "input". In the NEQ 
model simulations, a bubble size d^ = 2.5 mm was chosen. 

In order to understand the qualitative differences between the EQ and NEQ models let us 
examine run WEC-8 in some more detail. In Fig. 8.6(a) the NEQ simulation results are 
presented for bubble sizes of 2.5, 3 and 4 mm. We note that, as for the results in Campaign 
A, the best agreement with experiments is obtained with a bubble size of 2.5 mm. The 
component Murphree efficiencies for each component, calculated with the NEQ model (2.5 
mm bubble size) are shown in Fig. 8.7. We note that component efficiencies vary from tray 
to tray and are different for each component. The average efficiency for the whole column, for 
all three components, is around 80%. The differences in the component efficiencies are 
primarily to be ascribed to differences in the values of the vapour diffusivities, £>ij . The 
vapour phase diffusivities of the three binary pairs are estimated using the Fuller-Schettler-
Giddings equation (Kooijman & Taylor, 2001 and Poling et al., 2000) and are listed in Table 
8.2 together with various other parameter values for run WEC-8 on stage 2 (tray below the 
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Fig. 8.6. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run WEC-8 of campaign B. The large open circle is the 
specified input composition for the simulations, (a) The NEQ model results, for varying 
bubble diameters, are compared with the experimental results, (b) The EQ model results 
with 100% and 80% efficiency for all components, compared with the experimental results. 

condenser). As a consequence of the differences in the pair D\s , the binary pair (M-S vapour 
mass transfer coefficients) xy are also different from one another. These differences lead to 
finite, large, off-diagonal elements in the matrix [k ], when calculated using. Eq. (8.9) (or 
Eq.(4.12). These off-diagonal elements are the primary cause of the differences in the 
component efficiencies Ev In Fig. 8.6(b) the EQ model simulation results are shown for two 
cases, with 100% and 80% efficiency for each component on all stages. Both the EQ models 
anticipate boundary crossing phenomena whereas no such crossing is found in practice. The 
inescapable conclusion to be drawn is that the assumption of equal component efficiency for 
each component in the mixture leads to erroneous results. This conclusion is in sharp contrast 
to that drawn by Muller et al. (1997); these authors concluded that the experimentally 
measured composition trajectories for the water-ethanol-cyclohexane system could be 
simulated with an EQ stage model with equal component efficiencies for all components in 
the mixture. This conclusion is clearly not valid for all regions of the composition space but 
is restricted to some specific regions. 

97 



Chapter 8 Ternary heterogeneous azeotropic systems 

Component Murphree efficiencies 

uf 
i . 1-4 u c 
f 1.2 
it 
§ 1.0 
.c 
a. 
= 0.8 
5 
S 0.6 
c 
Q. E 0.4 o 
(J 

0.2 
0 2 4 6 8 10 12 

Stage number / [-] 

Fig. 8.7. Component Murphree efficiencies along the column for the run WEC-8 of 
campaign B, calculated by the NEQ stage model. In the NEQ model simulations, a bubble 
size öb = 2.5 mm was chosen. 

Table 8.2 
Physical and transport properties for stage 2 of run WEC-8 with the water (I) - Ethanol (2) -
Cyc/ohexane system presented in Fig. 8.6; obtained by NEQ stage model simulations with a 2.5 mm 
bubble diameter and a droplet-size of the dispersed phase of 10 pm. 
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Consider three experimental runs WEC-10, 11 and 12 of Campaign C. In all three 
experiments boundary crossing is observed in the experiments; see Fig. 8.8. This boundary 
crossing phenomena is anticipated by both NEQ and EQ models. To appreciate this fact let us 
consider the run WEC-12 in some more detail. The NEQ simulation results for this run 
WEC-12 for various bubble sizes is shown in Fig. 8.9(a). Again, the 2.5 mm bubble size gives 
the best agreement with the experimental results. The component efficiency for this run is 
80%, when averaged over all trays for all three components. The simulations results with the 
EQ model taking all component efficiencies to be equal to either 80% or 100% are shown in 
Fig. 8.9(b). The 80% EQ model simulations are practically indistinguishable from those of the 
complete NEQ model (2.5 mm bubble). This finding is in agreement with those of Muller et 
al. (1997). In this region of composition space of Campaign C, the EQ model with equal 
component efficiencies is adequate to explain the composition trajectories. 

c Expt. data (vap) Distillation Boundary - EQ model Q | n p u ( c o m p o s i t i 

• Expt. data (liq) NEQ model for simulations 

WEC-10 WEC-11 WEC-12 

Fig. 8.8. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (1) - Ethanol (2) - Cyclohexane 
(3) system for campaign C. Also shown are the simulation results showing the trajectories 
calculated by the EQ stage model and the NEQ stage model. The large open circles 
represent the experimental composition specified in the simulations as "input". In the NEQ 
model simulations, a bubble size d\, = 2.5 mm was chosen. 
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(a) NEQ model vs Experiments 
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Fig. 8.9. Simulation results compared with the experimental data (open circles for vapor and 
open squares for liquid samples) for run WEC-12 of campaign C. The large open circle is 
the specified input composition for the simulations, (a) The NEQ model results, for varying 
bubble diameters, are compared with the experimental results, (b) The EQ model results 
with 100% and 80% efficiency for all components {=based on the average efficiency 
obtained from the NEQ simulation with a 2.5 mm bubble-diameter), compared with the 
experimental results. 
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8.2.2 Water-Acetone-Toluene 

Finally, let us consider the experimental composition trajectories in two runs WAT-1 and 
WAT-2 for the system water (1) - acetone (2) - toluene (3), for which the residue curve map 
is presented in Fig. 8.2(b). In both runs the compositions get richer in acetone as we progress 
up the column towards the condenser. Proceeding down the column, the composition profile 
is just to the right of the straight distillation boundary. The trajectories suddenly move away 
from the water corner and cross the distillation boundary to finally end up in the toluene rich 
corner of the liquid-liquid heterogeneous region. The point at which this sudden change in 
direction occurs just to the right of the distillation boundary has been used as starting point for 
the simulation with the EQ and NEQ stage model (denoted by the large open circle). It is clear 
that only the NEQ stage model with inclusion of mass transfer anticipates crossing of the 
distillation boundary in order to end up as well with a reboiler composition richer in toluene. 
Also here, the NEQ model simulations were carried out using a bubble size c4 = 2.5 mm. This 
bubble diameter was also found to be the best fitting bubble diameter for the binary mixture 
Acetone-Toluene, see Chapter 5.2.7; Fig. 5.7. The EQ model fails at a qualitative level since it 
predicts a reboiler composition of pure water; see Fig. 8.10(a) and Fig. 8.10(b). 

Expt. data (vap) 

- EQ model (100% efficiency) 
NEQ model 

Distillation Boundary 

QJ) Input composition 
for simulations 

(a) WAT-1 (b) WAT-2 

— 0.! 

0.0 02 0.4 0.6 0.8 

Water Composition / [-] 

0.0 0.2 04 0.6 08 1.0 

Water Composition / [-] 

Fig. 8.10. Experimental results (open circles for vapor and open squares for liquid samples) 
showing the column composition trajectories for the Water (I) - Acetone (2) - Toluene (3) 
system. Also shown are the simulation results, showing the trajectories calculated by the EQ 
stage model (100% efficiency) and the NEQ stage model. The large open circles represent 
the experimental composition specified in the simulations as "input". In the NEQ model 
simulations, a bubble size db = 2.5 mm was chosen. The gray shaded areas represent the 
region in which liquid-liquid phase splitting occurs. 
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8.3 Conclusions 

The following major conclusions can be drawn from the work presented in this chapter about 
heterogeneous azeotropic distillation. For both water-ethanol-cyclohexane and water-acetone-
toluene systems, the NEQ model is superior to the EQ model in its ability to predict column 
composition trajectories. 
For the experimental runs in campaign C with the water-ethanol-cyclohexane mixture (see 
Fig. 8.8 and Fig. 8.9), the distillation boundary is crossed. Both the EQ model (with equal 
component efficiencies for all components) and the NEQ model predict this boundary 
crossing effect. One could argue that for experiments in the region of the residue curve map 
like the experiments in campaign C, the EQ model is sufficient to model the experimental 
findings; this conclusion is in conformity with that reached by Muller et al. (1997). 
However, for the experimental runs in campaign B with the water-ethanol-cyclohexane 
mixture (see Fig. 8.5 and Fig. 8.6), the distillation boundary is not crossed while the EQ 
model anticipates boundary crossing. The NEQ model on the other hand correctly predicts no 
boundary crossing for this campaign. These results clearly show that an EQ model, with equal 
component efficiencies for all components, is unable to even qualitatively explain the 
experimental trajectories and therefore becomes insufficient for all possible experiments in all 
different regions of the residue curve map. In other words, our results (campaign B) contradict 
the conclusion drawn by Muller et al. (1997) since it appears that the following statement: 
'the EQ model, with equal component efficiencies, is sufficient to describe the column 
composition trajectories", is not of general validity but applies only in restricted regions of the 
composition space triangle. 

For the second investigated heterogeneous azeotropic system water-acetone-toluene, the 
experimental results show the phenomena of boundary crossing, see Fig. 8.10. This boundary 
crossing composition trajectory is anticipated by the NEQ model but not by the EQ model. 
This result and those for the water-ethanol-cyclohexane system are in agreement with the 
earlier finding of Springer et al. (2002) for homogeneous azeotropic distillation, see Chapter 6 
and Chapter 7. 
The overall conclusion to be drawn from the work in this chapter is that for reliable 
simulation of heterogeneous azeotropic distillation systems, we must adopt a rigorous NEQ 
stage model. 
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