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Chapter 2 

Introduction 

2.1 Structure of the thesis 

Throughout my work as a Ph.D student and through this whole thesis, the centre of interest is 
the influence of interphase mass transfer on azeotropic distillation. That there is (still) 
considerable industrial interest in the design and optimization of homogeneous and 
heterogeneous azeotropic distillation, stems from the large number of industrial columns in 
operation and the potential of developing improved separation schemes so as to minimize 
energy consumption. However, most calculations in this research area of design and 
optimization are more often than not performed using "standard" simulation tools that are 
based on an equilibrium (EQ) stage models. Furthermore, there is a general attitude among 
many chemical engineers that the operation of distillation columns is very well understood 
and moreover elaborately described in many textbooks. In other words, the need for renewed 
scientific research, besides further design improvements and optimization, is not sufficiently 
appreciated. Nevertheless, there is evidence in published literature that experimentally 
measured composition profiles are sometimes not accurately enough described by simple EQ 
stage models. In order to describe those distillation profiles, NEQ stage models were needed 
in which proper account is taken of the mass transfer effects in either fluid phase. It proved 
that mass transfer effects can have significant influences on distillation column trajectories. 
To indicate these influences on azeotropic distillation and to understand more about the mass 
transfer between the fluid phases during column operation, this research has been start up and 
finally resulted in this dissertation. 

2.2 Maxwell-Stefan formulation 

Traditionally chemical engineers have developed their design procedures for separation and 
reaction equipment using Fick's law of diffusion as a basis. For a two-component system 
Fick's law postulates a linear dependence of the molar diffusion flux of component 1, Ji, 
defined with respect to the molar average mixture reference velocity u, and its composition 
gradient Vx\: 

J1=c1(u1-a)=-c(JD12Vx, (2.1) 

For component 2, a similar relation holds: 

J 2 = C 2 ( U 2 - U ) = - C , D 2 1 V J C 2 (2.2) 

Since mole fractions of the two components sum to unity, i.e. x\ + xi = 1, the mole fraction 
gradients sum to zero, i.e. Vx\ + Vx2 = 0 and the two molar diffusion fluxes are equal in 
magnitude but opposite in sign: 

J, + J : = 0 ; J , = - J 2 (2.3) 
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Fig. 2.1. Schematic of the bubble froth regime on a tray 

Consequently there is only one independent Fick diffusivity D\2 (=£>2i) and for distillation of 
binary mixtures there is only one independent Murphree point efficiency, that is equal for 
both components 1 and 2: 

rMv y\,i. 

E, =—— 
•y\. yi -yi.E 

y-. 
:E? 

y-i, 

(2.4) 

where the subscripts E and L refer to the conditions entering and leaving a vertical zone on a 
distillation tray, respectively (see Fig. 2.1). The Murhpree point efficiency £iMV is bounded 
between 0 and 1 (Lockett, 1986 and Taylor & Krishna, 1993). The situation changes 
dramatically for multicomponent mixtures, i.e. when the number of components n is three or 
more; there is no requirement that the Murphree point efficiencies E\ 
another: 

\ i v 

*£," ' * £ " • *E, 

be equal to one 

(2.5) 

or that they be bounded. 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 -co to +co; see the 
comprehensive literature survey given in Chapter 13 of Taylor and Krishna (1993). 
For the calculation of interphase mass transfer fluxes in multicomponent mixtures, it is now 
generally accepted that we need to adopt the Maxwell-Stefan diffusion formulation for either 
fluid phase; the recent review by Krishna and Wesselingh (1997) presents several examples to 
support this contention. In the Maxwell-Stefan 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 ' t ? c,£>„. M c,D„ 
i = l,2,...n (2.6) 
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where the molar fluxes Nj in a laboratory-fixed coordinate reference frame are defined by: 

N,=c,u,; N , = J , + . Y , N , N , = £ N , . ; I = 1,2,.. JI (2.7) 

The Dy in Eq. (2.6) are the Maxwell-Stefan diffusivities; these are equal to the Fick 
diffusivities only for ideal gas mixtures. 

The Maxwell-Stefan formulation, based on the thermodynamics of irreversible processes, 
takes proper account of diffusional "coupling" between the species transfers i.e. the flux of 
any species depends on the driving forces of all the species present in the mixture. In a 
distillation column, the influence of species coupling manifests itself in significant differences 
in the component Murphree efficiencies £jMV. For simulation of multicomponent distillation 
columns, containing either trays or packings, the Maxwell-Stefan 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 the equilibrium (EQ) 
stage models. 
Castillo and Towler (1998) computed nonequilibrium distillation lines for a sieve tray column 
and demonstrated that modest differences between the efficiencies of different components, 
caused by mass transfer effects, could lead to significant differences in curvature between EQ 
and NEQ distillation column trajectories. They went on to show that, in some cases, 
differences in curvature could be exploited by the engineer in order to obtain process designs 
that could not be contemplated if mass transfer effects were ignored, and that some designs 
based solely on equilibrium models can become infeasible when mass transfer is considered. 

2.3 Objectives 

Analogous to the development of the research, 1 classified the arrangement of this thesis. A lot 
of experiments with several homogeneous and heterogeneous binary, ternary and quaternary 
(azeotropic) systems were carried out for the investigation and verification of mass transfer 
effects on the composition trajectories during the operation of distillation columns. 
The exact experimental performance, mixtures used and experimental set-up are described in 
chapter 3. The development of a specific, pursuant to our experiments, rigorous mass transfer 
model will be discussed in chapter 4. Existing models in commercially available software 
programs like the Chan fair-, Zuiderweg or A.I.Ch.E mass transfer models were not used 
since they are not suitable for the describing of our experiments. Those models are more 
based on commercially operating columns that more often than not are operated in a spray 
regime. This however is not the case in our laboratory-scale bubble-cap distillation column, 
which operates in a bubbly froth regime. Hence, a rigorous mass transfer model matching all 
our column-operations had to be developed for both homogeneous and heterogeneous 
azeotropic systems. 
In chapter 5, the first experimental findings for several binary mixtures will be presented 
together with the simulation results that are correlated with these binary experiments. 
The next chapter will deal with homogenous ternary azeotropic distillation systems. In 
Chapter 6, a total of three different mixtures (systems) are being examined. The selection or 
choice of the ternary systems is mainly arisen from the investigation of the binaries; so all 
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ternaries in chapter 6 mainly consist of one or more binaries handled in chapter 5. In order to 
extend the work of chapter 5 and 6, the influence of mass transfer will be studied as well on 
homogeneous quaternary azeotropic system in chapter 7. As for the ternary systems (chapter 
6) the experiments were mainly focussed in the regions around the distillation boundary, the 
experiments for the quaternary system (water-ethanol-methanol-acetone) are carried out 
within a finite region of compositions around the so-called "distillation surface". Since the 
mixture consists of four components, the experimental and simulation results can no longer be 
projected in a two-dimensional manner, but have to be presented in a three-dimensional 
manner. Simultaneous: a distillation-line for a ternary azeotropic system becomes a 
"distillation-surface" for a quaternary azeotropic system. 
Also the choice of the examined quaternary system (water - ethanol - methanol - acetone) 
emanated from the foregoing examined systems (ternary and binary). It is clear that it is 
formed out of two earlier studied ternary mixtures (chapter 6), and as a consequence as well 
out of several studied binaries (chapter 5). Accordingly, possible connections between 
observations, findings and conclusions for binaries, ternaries and quaternary systems can be 
made if they are present; at least they will be more reliable and grounded since the system-
build-up shows also connections. 
The objective of chapter 8 is to investigate the influence of mass transfer on the composition 
trajectories in heterogeneous azeotropic distillation. Therefore, experiments with two 
heterogeneous azeotropic mixture were carried out and elaborately examined. The extension 
with the foregoing mixtures (chapter 5, 6 and 7) is that heterogeneous systems contain regions 
in which liquid-liquid phase splitting occurs and therefore comprehend more phases in which 
mass transfer takes place. Whether and how the additional phase has a great impact on the 
influence of mass transfer on composition trajectories in these vapour-liquid-liquid systems, 
will be discussed in chapter 8. The final chapter (chapter 9) comprehends the consequences of 
mass transfer effects in azeotropic distillation concerning design. In particular the 
consequence on the required number of stages in order to fulfill a desired product 
specification will be investigated in cases when mass transfer is taken into account or not. 
The dissertation will be completed with a general covering conclusion in Chapter 10 and 
concluded with a Dutch-written version of the summary and the acknowledgements. 
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