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Chapter 1 Summary 

Chapter 1 

Summary 

The importance and influence of mass transfer on column composition trajectories during the 
operation of azeotropic distillation has been proven to be of great significance and definitely 
not to be ignored. For that, many experiments with several binary, ternary and quaternary 
(homogeneous and heterogeneous) systems have been performed to support this dissertation 
and to provide the indispensable evidence for this statement. Furthermore, those experimental 
column composition results are essential as well for the verification of our own developed 
rigorous nonequilibrium (NEQ) stage model (see Chapter 4) in which proper account is taken 
of mass transfer in either fluid phase due to the incorporation of the rigorous Maxwell-Stefan 
diffusion equations. 
The great quantity of experiments were carried out in our laboratory scale bubble-cap 
distillation column (Dome type-floor-column [DN 50]; supplied by Scott Nederland B.V.) 
with an inner diameter of 50 mm and a total height of approximate 2160 mm. The column 
consists of 10 equal bubble cap stages (stage 2-11), a total condenser (stage 1) and partial 
reboiler (stage 12). All experiments were operated under total reflux and atmospheric 
pressure. Note: the system was completely closed, so no feed was introduced to the column or 
products were withdrawn. After steady state was reached, the column composition profiles 
were measured and examined. It is worth mentioning that also the behaviors of the mixtures 
inside the bubble cap distillation column were very well visualized and observed, which was 
feasible due to the double layered glass construction of the column. Especially the 
observation of the gas flowing through the liquid in a bubbly manner was of great importance 
for a righteous description of the real case, and thus for the development of the NEQ stage 
model. 

After the examination of the first set of experiments with the first (in particular) ternary 
azeotropic mixture Water (1) - Ethanol (2) - Acetone (3), which has a straight-line distillation 
boundary between the minimum boiling azeotrope of water and ethanol and the pure acetone 
corner, interesting and surprising column composition profiles were already observed. It is 
well known from all textbooks that under total reflux conditions, the composition profiles in 
distillation columns are to be following (by approximation) the residue curve lines of the 
residue curve map. So much the more, they cannot cross a distillation boundary when it is 
curved from the concave side, when moving from the product composition inward, and cannot 
cross a straight-line distillation boundary from either side (Levy et al., 1985). Nevertheless, a 
number of around twenty experiments showed the contradiction to this rule and did show 
column composition profiles within one and the same distillation column that are moving 
from one (ethanol-rich) side to the other (water-rich) side of the straight-line distillation 
boundary. An arbitrary example of such a run is pictured in Fig. 1.1(a). Also experimentally 
obtained column composition trajectories for other ternary azeotropic mixtures (Water (1) -
Ethanol (2) - Methanol (3) and Water (1) - Ethanol (2) - Methylacetate (3)) showed the same 
behavior and crossed their distillation boundaries in many occasions under total reflux 
conditions as well (see for an example in Fig. 1.1(b) and Fig. 1.1(c) respectively). 
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Fig. 1.1. EQ (dashed line) and NEQ model (solid line) simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for the 
ternaiy mixtures (a) Water (I) - Ethanol (2) - Acetone (3) (b) Water (1) - Ethanol (2) -
Methanol (3) and (c) Water (1) - Ethanol (2) - Methylacetate (3). The large open circle is 
the specified composition for the simulations. 

Considering the convincing quantity of experimental results for ternary homogeneous 
azeotropic mixtures, new experiments with the quaternary homogeneous azeotropic system 
Water (1) - Ethanol (2) - Methanol (3) - Acetone (4) were initiated for the continuation of the 
project. The choice of the four components was intentionally related to the foregoing ternary 
mixtures in view of possible similarities that might occur and thus connections that could be 
made in an equitable way. 
Since a quaternary systems consists of four components, the measured composition profiles 
have to be projected in a three dimensional manner. This also implies that a distillation line 
for a ternary mixture turns into a 'distillation surface' for a quaternary system. However, the 
rules declared by Levy et al. (1985) for the distillation boundary lines can be translated for a 
quaternary system and become applicable for a distillation boundary surface. With regard to 
this, it should be mentioned that the distillation surface of our investigated mixture is just 
about flat, which makes it even more inadmissible to cross from either side. 
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Nevertheless under (once more) total reflux conditions, contradictory experimental results 
were obtained showing column composition profiles with top stage compositions lying just 
below the distillation surface on the ethanol rich side. When moving down the column, the 
profile slices through the distillation surface in order to end up with reboiler compositions 
lying above the distillation surface, pointing towards the water rich corner. One example of 
such an experimental run is pictured in Fig. 1.2. 
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Fig. 1.2. EQ (dashed line) and NEQ model (solid line) simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for the 
quaternary mixture Water (I) - Ethanol (2) - Methanol (3) - Acetone (4). The large open 
circle is the specified composition for the simulations. 

It is worth mentioning that besides the experiments (for as well ternary as quaternary systems) 
do not agree with the composition trajectories that are to be expected according to the 
textbooks (following the residue curve lines), they also produce reboiler compositions 
(products) that are of a complete qualitative difference. Similar differences in trajectories and 
predictions of "end products" (condenser and reboiler compositions) are also observed when 
we come to the calculation (or simulation) of these column composition trajectories by an 
equilibrium (EQ) stage model (assuming equal component efficiencies) and our developed 
rigorous NEQ stage model. 
Note: for representative simulations of the performed experiments, we initiated the calculation 
by specifying one of the measured vapor compositions (of one stage) so that the calculated 
profile is forced to pass through this specified composition. Moreover, the specification of 
other operation factors (inner flow rate, atmospheric pressure etc) and hardware design of the 
bubble cap distillation column (for the NEQ stage model) were also taken to be equivalent to 
the experimental environment (see Chapter 4; simulation strategy). 

The simulation results obtained with an EQ stage model reproduce composition profiles that 
are in complete agreement with the azeotropic distillation rules known from the textbooks 
(Levy et al.. 1985). Consider the run for the water-ethanol-acetone system in Fig. 1.1(a). 
When the indicated (large open circle) vapor composition (lying just to the left of the 
distillation boundary) is used as "input" composition, then the calculated (EQ) composition 
profile will follow a residue curve line and end up with a reboiler composition rich in ethanol 
(dashed line in Fig. 1.1(a)). When the same measured "input" composition is used in our NEQ 
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stage model, the calculated composition trajectory will follow the experimentally measured 
composition profile by anticipating 'boundary crossing' in order to end up with a reboiler 
composition rich in water. The column profile predictions by the EQ and NEQ stage models 
are showing a qualitative difference. Suchlike simulation results (obtained by the EQ and 
NEQ stage models) are also acquired for the other two ternary mixtures (Fig. 1.1 (b-c)) and the 
examined quaternary system. With the latter, the simulation results of the NEQ stage model 
are alike the experimental results. The trajectories slice through the distillation surface to have 
condenser (and top stage) compositions lying below the distillation surface and reboiler (and 
bottom stage) compositions pointing towards the water rich corner, see Fig. 1.2. Since the 
initial 'input' composition (indicated by the large open circle in Fig. 1.2) is lying just below 
the distillation surface (once more on the ethanol rich side of the boundary), the EQ stage 
model predicts reboiler compositions rich in ethanol; the calculated (EQ) profiles stay on one 
side of the distillation surface, following the residue curve lines. 

From the above mentioned results, we may conclude that the divergent behavior of the 
observed column composition trajectories for total reflux operations and the calculated 
profiles by the rigorous NEQ stage model in relation to what might be expected according to 
the textbooks and what gets predicted by the EQ stage model, are caused by multicomponent 
mass transfer effects. To understand and explain this in some detail, we have to consider the 
component Murphree stage efficiencies. As we know, the EQ model assumes all component 
efficiencies to be equal. For the NEQ model on the other hand, the component efficiencies 
will, in general, differ from one another and vary from stage to stage. The origin of the 
differences in E\ can be traced to the differences in the binary pair vapor diffusivities £>y,i2, 
Dy.i3 and Dy.23. From our investigation, it can be noted that the coefficient öy.23 for all three 
ternary mixtures is about half of the other two coefficients. The difference between binary 
pair diffusivities cause the component efficiency values to differ from one another. In our 
special case (see Chapter 4, model development), the contact time of the vapor bubbling 
through the liquid is long enough so that the Fourier number (Fo = 4*£>y,ij*rv / db~) exceeds 
values of 0.06 in all cases. This implies that for the estimation of the vapor phase mass 
transfer coefficients of the binary pairs in the mixture (KVJJ), the %jj have an unity power 
dependence on the vapor diffusivities Dy.y (see Chapter 4, Eq. (4.18)), which is more than the 
square root dependence for smaller values of Fo; small vapour phase residence times zy. 
In a multicomponent system, one component efficiency may vary extremely going from zero 
on one stage to exceeding unity on the next stage. The reason for that is to be found in the 
driving force, which might become vanishingly small when it changes sign from one stage to 
another. The transfer of the particular component on such a stage will then be dictated by the 
transfer of the other components in the mixture, because of coupling effects. These effects are 
properly accounted for in the Maxwell-Stefan formulation. For binary mixtures component 
efficiencies are bounded and lie between zero and unity; for mixtures with three or more 
components, component efficiencies are unbounded and can assume values ranging from -00 
to +co. If the binary D,,y were close to one another, the differences in the component 
efficiencies would be negligible. Differences in the component efficiencies cause the actual 
composition trajectory followed on any given stage (y;. L —y\$) to deviate from the trajectory 
dictated by the equilibrium vector (yu - J ^ E ) . 

The next step for the completeness of this project was the investigation of the column 
composition trajectories in heterogeneous ternary azeotropic mixtures. Therefore, 
experiments were carried out (in the same experimental set-up) with the heterogeneous 
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ternary azeotropic systems Water (1) - Ethanol (2) - Cyclohexane (3) and Water (1) -
Acetone (2) - Toluene (3). Since liquid-liquid phase splitting might exhibit on any stage 
during the distillation of these systems, extra attention is required in the sense of good 
visualization during the experiments, but also for proper development of our NEQ stage 
model. To ensure the calculations with heterogeneous azeotropic systems as well, we 
extended the earlier developed NEQ model (for homogeneous systems) in order to cater for 
these liquid-liquid phase splitting on some (or all) of the trays, see Chapter 4. 
Visual observations of tray operation clearly showed which stages were still in the 
homogeneous region and which stages entered the heterogeneous region. The appearance of 
two liquids on a stage was visually indicated by a "milky" emulsion; consisting of a 
continuous liquid phase (phase Lc) in which a second liquid phase (phase Ld) is dispersed. 
With the first heterogeneous mixture water - ethanol -cyclohexane, many experiments in 
different regions of the residue curve map were performed. Especially the investigation of 
more areas gave a surplus value to the whole. Column composition trajectories in certain 
areas turned out to be very well reproducible with both the NEQ stage model and the EQ 
stage model, assuming equal component efficiencies. Hence, these experiments are not in 
favor of arguing for the need of using a NEQ stage model over a conventional EQ model. 
However, other experiments in slightly different areas are not very well described by an EQ 
model. Whereas the measured column composition profiles in this area stick to one side of the 
distillation line (reboiler compositions towards the ethanol corner), the EQ model predicts 
reboiler compositions, which are lying over this distillation boundary and move towards the 
water corner, see Fig. 1.3. Simulations by using our developed NEQ stage model on the other 
hand, predict composition profiles that are following the experimental data and stay on the 
ethanol rich side of the distillation line, (note: The EQ model crossing the distillation 
boundary is not in contradiction with Levy's rules; the distillation line is very well curved). 
From these different campaigns for one and the same mixture, it can be concluded that for 
proper representations of column composition profiles in heterogeneous azeotropic 
distillation, a NEQ stage model should be used to assure valid calculations for all regions of 
the composition space triangle. In order to confirm the above, experiments with the 
heterogeneous mixture water - acetone - toluene were carried out as well. 
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Fig. 1.3. EQ (dashed line) and NEQ model (solid line) simulation results compared with the 
experimental data (open circles for vapor and open squares for liquid samples) for the 
heterogeneous ternary mixture Water (1) - Ethanol (2) - Cyclohexane (3). The large open 
circle is the specified composition for the simulations. 
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For the simulations with the NEQ stage model, the bubble diameter (d\,) of the vapor bubbling 
through the liquid needs to be specified (see Chapter 4; model development). By varying this 
bubble diameter for the calculations of the column composition trajectories for the various 
(binary, ternary and quaternary) systems, it turned out that the choice of the bubble size is not 
merely a 'convenient fit' to reproduce our experimental findings. A consistent relation 
between binary, ternary and quaternary systems containing the same components is observed 
with regard to the bubble diameter. So for example, the quaternary mixture water - ethanol -
methanol - acetone gets very well described by the NEQ stage model when a 5.0 mm bubble 
diameter is used. Applying the same specification gives also the best agreement with the 
experiments for the ternary mixtures water- ethanol -methanol and water - ethanol -acetone 
and the binary mixtures water - ethanol and water - methanol. Similar conclusions can be 
drawn for the heterogeneous ternary azeotropic mixture water- ethanol -cyclohexane and the 
binary mixture ethanol - cyclohexane, and also for the heterogeneous ternary azeotropic 
mixture water- acetone -toluene and its binary mixture acetone - toluene. 

In the final part of this dissertation, the influence of mass transfer effects on the design of 
commercial scale distillation columns will be discussed. In particular the number of stages 
required for a certain enforced purification of distillation products will be concerned with. In 
earlier publications, it is remarked that those numbers are indeed dissimilar when they are pre-
calculated with either an EQ model or NEQ model (with inclusion of a mass transfer model), 
but also that there is often still a certain relation between the predicted numbers. This implies 
that the EQ stage model is considered to be capable for these design purposes, provided that a 
correction factor will be applied. The inference of the work for this dissertation reads that 
such a correction factor is (more often than not) insufficient and does not cover all column 
operations with one and the same distillation mixture. It will be shown that the composition 
region in which the operation takes place, is of great significance for the required number of 
stages. Hence, the predictions of these number of stages by either the EQ or NEQ model can 
be higher and lower for one and the same distillation mixture, depending on the composition 
region you are operating in, see Chapter 9. Based on the performance of both models 
concerning the experiments presented in this work, it more obvious to rely on the predictions 
of the model in which mass transfer effects are incorporated. 
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