
ChemSep Tutorial: Reactive Distillation 

Ross Taylor and Harry Kooijman

In this document we demonstrate how to create a model of a reactive distillation column to make
methyl  acetate from acetic acid and methanol. We will  be recreating an example described in
some detail in a book by Luyben and Yu (Luyben, W.L., Yu, C.-C., 2008. Reactive distillation design
and  control.  Wiley :  AIChE,  Hoboken,  NJ).  We  will  highlight  the  ways  that  the  set-up  of  the
ChemSep model differs from that of Luyben and Yu.

(We do assume some familiarity with ChemSep; in other words, this is not your first ChemSep
simulation.)

The results with ChemSep are very close to those of Luyben and Yu (we will refer to them as L+Y to
save space). There are some minor differences that are more or less inevitable when different
simulation tools  are used. These differences arise due to small  discrepancies in things like the
vapor pressure, heat of vaporization, ideal gas heat capacity and so on. Simulation software users
have limited scope to change these things.  (What  matters more are activity  coefficient  model
parameters and reaction rate coefficients and we will write more about those in what follows).

Component Selection

The components involved in this case are shown here:

Methanol and acetic acid are the reactants; methaly acetate and water are the products.
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Column Configuration

The column configuration is shown below:

L+Y count  stages  starting at  the bottom of  the column and do not  include the condenser.  In
ChemSep,  stages  are  counted  starting  from  the  top  and  the  total  number  does  include  the
condenser. This is the reason why the feed stage locations are slightly different from those in L+Y.
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Vapor-Liquid Equilibrium Model

The key to any successful coilumn model is, of course, the thermodynamic models. Following L+Y
we use the UNIQUAC model for the activity coefficients with the temperature dependent BIPs
shown in the screen image below. These BIPs are from Pöpken et al. (2000).

The temperature dependent binary interaction parameters (BIPs) are given by Y+L. Note however,
that Y+L defines them differently than the implementation in ChemSep; for our use it is necessary
to negate all of the BIPs in L+Y.

We  use  a  the  ChemSep  correlation  for  the  vapor  pressure  (L+Y  do  not  say  what  they  use).
Chemical Theory (The Hayden-O’Connell equation of state) is used for the vapor phase fugacity
coefficients.  This  is  to  account  for  vapor-phase  dimerization of  acetic acid  (Y+L  use  the same
equation of state and, although, they do not specify the BIPs for this model, it is likely that they are
from the same source used by ChemSep; the book of Anderson et al. See the list of references).
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As noted, our simulation is based on that of Luyben and Yu, who state that the binary interaction
parameters  for  the  UNIQUAC  activity  coefficient  model  come from Pöpken et  al.  (2000).  The
parameters  can  be  found  in  Table  3  of  their  paper  and,  per  Pöpken  et  al.,  are  used  in  the
calculation of the interaction energy term:

Δ(uij)(K )=aij+bij T+cijT
2

Pöpken et al. (2000) cite the original paper of Abrams and Prausnitz (1975) where we find:

τ ij=exp(−Δuij /RT )

The stated units of Kelvin for Δ(uij) means mean that  the gas constant in the above equation
should take the value of 1. What it  means is that the BIP in the first equation above is really
divided by R to get it to have the units of K. (This is not a particularly unusual thing to do.)

By their use of the symbol q ' in Table 7.2. of their book, Luyben and Yu imply that they are using
a modified form of UNIQUAC due to Anderson and Prausnitz (1978). It is highly unlikely that the
paper of Pöpken et al. (2000) is using this modified version of UNIQUAC since they do not provide
values of q ' whereas they do list values of r and q . This means that q '=q .

Luyben and Yu state that the τ ij are calculated from 

τ ij=A ij+Bij /T+C ijT

Luyben's formula for τ ij must be wrong; the equation should read:

 ln (τ ij)=Aij+Bij /T +CijT

Thus, in order to align with the BIPs in Pöpken et al. (2000), the following must be true:

A ij=−bij ;Bij=−aij ;C ij=−c ij .

Note that all of the BIPs in Luyben and Yu require negation in order to match those in Pöpken et al.
(see screenshot above).

To ensure that the BIPs in these sources (after allowing for corrections as described)  we compared
the predictions of the model to experimental data. The VLE data for three binary pairs is from
Bernatová et al. (2006); the data for acetic acid and water from Román-Ramírez and Leeke (2016).
It is worth noting that none of these data sets were available when the paper by Pöpken et al. was
published.
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Phase diagrams for methanol – water (left) and acetic acid – water (right)

Phase diagrams for methanol – methyl-acetate  (left) and methyl-acetate – water (right)
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Phase diagram for methyl-acetate – acetic acid

Reaction Rate Model

We turn now to the reaction kinetics. The models are specified in ChemSep as shown below:

L+Y use a reaction kinetic model from Pöpken et al. (2000): 

r=mcat (k FaHAcaMeOH−kBaMeAcaH 2O)
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where mcat is the mass of the catalyst (more on this below), ai are the activities of the various
species, and k F and k B are the forward and backward rate coefficients respectively. L+Y use
the following model for both of the rate coefficients:

k=A exp(−B/RT )

The screen shot above shows that we are using Eqn 119 in ChemSep; this is:

ln(k)=a/T+b+cT +dT 2+e ln(T )

The ChemSep model and the L+Y model are identical when:

a=−B /R ,b=ln (A) , c=d=e=0

and the gas constant R has units of J/kmol.K. 

The numbers in the screen shot above reflect these conversions.

The  units  of  the  rate  coefficients  in  L+Y  are kmol /kgcat s . Thus,  to  get  the  reaction  rate  in
kmol /s requires us to multiply by the mass of  the catalyst  on a stage.  This  is  why the rate

equation from L+Y includes the mass of catalyst as a multiplier. However, ChemSep looks for the
reaction rate to be given in kmol /m3 s . This is why we have a place for the stage volume (look to
the mid-right of the screen shot above). We can use this same slot as a surrogate for the catalyst
mass. L+Y tell us that they assumes a weir height of 10.16 cm, a tray diameter of 1.03 m and that
50% of the tray holdup is catalyst. Thus, the “stage volume” (in ChemSep terms) is

mcat=0.5 pcatπ r2hw

With  the  tray  radius  at  0.5015  m,  the  weir  height  equal  to  0.1016  m,  the  catalyst  density
770 kg/m3 we find that the mass of catalyst is 32.6 kg (per stage). This is the number entered in

the stage volume cell in ChemSep to give the reaction rate in the required units of kmol /m3 s .

The Remaining Specifications

The column is assumed to be at a pressure of 1 atm throughout. 

The column is assumed to be adiabatic (no heat losses).

The stage efficiency is assumed to be 100%.
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The feeds are specified as shown in the screen shot below.

The two remaining column specifications are as shown below:

 
The specifications are now complete.
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Results

Here is the composition profile in the liquid phase:

The flow profiles:
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The temperature profile:
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Reaction rate profile:

Multiple Steady State Solutions

It has been known for many decades that column models for non-ideal and reactive distillation can
possess multiple steady-state solutions (MSS). (The ethanol-benzene-water system is another case
in point that is available on the ChemSep downloads page.)

Here (next page) we show two alternative solutions for this methyl acetate reactive distillation
column. To obtain the first of these it suffice to remove the initial estimates of the reflux ratio and
bottoms flow rate that were used to obtain the solution shown above. The second alternative
solution is obtained by removing the initial estimates and changing the convergence method to 2-
pass, constant H first.  These alternative solutions are similar in many ways, but both are quite
different from the result shown above.

Huss  et  al.  (2003)  reported  multiple  steady  state  solutions  for  the  methyl  acetate  reactive
distillation. Their solutions differ from those shown here but, since their kinetic model, VLE model,
column configuration, and column specifications differ from those used here, that should not be a
surprise. The important point is that the existence of MSS for this case is confirmed.
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Liquid phase mole fraction profiles for methyl acetate reactive distillation: Alternative 1

Liquid phase mole fraction profiles for methyl acetate reactive distillation: Alternative 2
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