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Feasibility Analysis, Synthesis, and Design of Reactive
Distillation Processes: A Focus on Double-Feed Processes

Raphaéle Théry-Hétreux, Xuan Mi. Meyer, Michel Meyer and Xavier Joulia
Université de Toulouse, INPT, UPS, Laboratoire de Génie Chimique, 4, Allée Emile Monso,
Toulouse F-31432, France

Mathias Brehelin and Daniel Amoros
Rhodia, Research Center of Lyon, 85 bd des fréres Perret BP62, Saint-Fons Cedex 69192, France

A new approach for the feasibility analysis of reactive distillation processes based on the reactive extractive curve maps
(rExCM) concept is introduced. A method dedicated to reactive distillation feasibility analysis, and design has been
developed in our team since 1999. From minimal information concerning the physicochemical properties of the system,
three steps lead to the design of the unit and the specification of its operating conditions. Currently, the procedure permits
the conceptual design of hybrid reactive column configuration with one or two feed plates, for any number of equilibrium
reactions (provided that the degree of freedom of the system is equal to 2) occurring in liquid or vapor phase. This
contribution focuses on the most recent developments: the generalization of the feasibility analysis step to double-feed
processes thanks to the introduction of the rExXCM concept. This methodology is illustrated through two examples. the
emblematic methyl acetate example and the production of dimethyl methyl glutarate.
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Introduction

Despite the many advantages of reactive distillation (RD)
processes' the industrial community still hesitates on firmly
adopting that multifunctional process, mainly by lack of sys-
tematical and universal design tools. During the past deca-
des, many studies have been published to provide systematic
procedures for the feasibility analysis, and the design of RD
processes but only few of them propose a systematic and
complete procedure which combines feasibility analysis, syn-
thesis, and design of RD column. To fill this lack, a tool has
recently been developed in the Laboratoire de Génie Chimi-
que.3 The main interest of this tool lies on a progressive
introduction of the process complexity. From a minimal set
of information concerning the physicochemical properties of
the system—pure components physical properties, phase and
reaction equilibria—three successive steps (feasibility analy-
sis, synthesis, and design) lead to the design of the unit and
the specification of its operating conditions. Since 1999, this
methodology has also been extended through various PhD
thesis and post doctoral studies. Figure 1 highlights the
successive extensions of the methodology developed in the
Laboratoire de Génie chimique and its applications to aca-

This work was presented at the 2009 conference of the French Chemical
Engineering Society (Marseille, SFGP 2009).
Correspondence concerning this article should be addressed to R. Théry-Hétreux at
raphaele.thery@ensiacet.fr.

demic and industrial case studies proposed by Rhodia and
other industrial partners.

Currently, the procedure permits the conceptual design of
hybrid reactive column configuration with one or two feed
plates, for any number of equilibrium reaction (provided that
the degree of freedom of the reactive system is equal to 2)
occurring in liquid or vapor phase. The feasibility analysis
of reactive liquid liquid vapor reactive distillation (LLV RD)
has also been studied.”

This contribution focuses on one of the most recent devel-
opment of the procedure: the extension of the feasibility
analysis step to double-feed processes. After a review of the
general methodology, the second part of this article focuses
on the feasibility analysis of double-feed reactive distillation
process by introducing the reactive extractive curve map
(rExCM). This concept was applied to industrial cases but
for confidentiality reasons, the method will be illustrated
through the emblematic methyl acetate example in the last
part of this article.

Presentation of the Methodology

The original methodology dedicated to the feasibility anal-
ysis and conceptual design of RD process is extensively
described and illustrated through various academic examples
in earlier work.> The main interest of this methodology lies
on a progressive introduction of the process complexity and
the coupling of different complementary approaches. From a
minimal set of information concerning the physical and
chemical properties of the system, three successive steps
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Figure 1. Sequential methodology developed in the LGC for the design of RD processes: historic of developments

and industrial case studies.?™®

lead to the design of a column and the specification of its
operating conditions. The results obtained through this
method leads to a reliable initialization point for a further
optimization of the operating conditions and the process
design. It has been applied with success to different reactive
systems.

Figure 2 presents a detailed flowchart of this approach and
highlights its recent developments. The application of the
methodology is currently limited to equilibrium reactive sys-
tems where degree of freedom is equal to 2 or less than 2.

Given a thermodynamic model to describe the phase equi-
librium, the equilibrium constant of the chemical reaction
and specifications concerning the purity of the products, the
recovery ratio rate or the yield of the reaction, the three
steps of the methodology are:

First, the feasibility analysis aims at discriminating the
thermodynamically attainable specifications. A set of distil-
late and residue compositions complying with the purity, the
recovery ratio, or the yield specifications is determined. If
the feasibility is not achieved, the process objectives are to
be corrected.

Second, the synthesis, based on a more rigorous analysis
of the phenomena, confirms (or waives) the results obtained
through the first step. A column configuration able to
achieve the goals formerly specified is also determined:
number of stages, localization and size of the reactive zone,
number and location of the feed stages, and so forth.

Third, the design step enables to determine the operating
parameters of the process (reflux ratio, heat duty, etc.). At
the end of this third step, a configuration and a set of param-
eters relevant with the specifications are available.

Feasibility analysis step

First case: Single-Feed Unit: Reactive Residue Curve
Maps Analysis. The study of the reactive residue curve map
gives a first idea of the feasibility and interest of investigating
reactive distillation. The software we developed generates
entire reactive residue curves maps for reactive systems with

a freedom degree less or equal to 2 and automatically dis-
plays the resulting distillation boundaries. A reactive residue
curve is defined by the locus of the liquid compositions
remaining from a simple batch reactive distillation process. A
reactive residue curve map is obtained through the simulation
of the reactive distillation process for various initial liquid
compositions. As for nonreactive residue curve maps, the re-
active residue curve maps computed for instantaneous equilib-
rium reactions do not depend on the heat policy. The initial
liquid holdup and the heat duty only influence the rate of the
phenomenon but not the pathway followed by the liquid com-
positions. Therefore, the dynamic model used to generate the
reactive residue curve maps (rRCM) is written using adimen-
sional variables. It is given hereafter for systems consisting of
N. components and involving Nr reactions.'”

N
dx,’ L

= ()C,' *y/) +Z(W=k — Vik -)C,') . l//k for i= 1,...,NC —1 (1)

dt =

Here, dt is a nondimensional variable and is expressed as
follows:

1%
dt =—dt 2
=7 @)
Y is also a nondimensional variable defined by:
Sk
== 3
7 % (3)

where &, is the extent of reaction k.

The DAE system is solved with DISCo, an in house index
one and two DAE solver based on the Gear method.!' The
residue curve map can be plotted in the composition space.
But for systems with a degree of freedom equal to 2, the
analysis can be facilitated if the residue curve map is plotted
in the reactive composition space according to the formalism
developed by Barbosa and Doherty.'! When the degree of
freedom exceeds 2, the graphical analysis becomes difficult
even impossible.
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Figure 2. Methodology of the RD design (in gray, the recent development of the procedure).

Then, the analysis of the rRCM consists in the determina-
tion and the characterization of the singular points of the re-
active system (stable nodes, unstable nodes, and saddle
points). They can be:

® a pure component

® a nonreactive azeotrope: all the nonreactive azeotrope
involving two components that do not react remain singular
points. But, some nonreactive azeotrope involving two spe-
cies that can react may disappear from the residue curve
map, thanks to the coupling with the reaction.

® a reactive azeotrope: it is a consequence of the coupling
between reaction and separation. A reactive azeotrope
appears when the effect of the reaction is completely cleared
by the separation.

Finally, for reactive systems, other noticeable points must
also be investigated: the reactive pseudo azeotrope. This
point nearly behaves like a reactive azeotrope but although
the residue curves are heavily curved toward it, they do not
stop and move toward a stable node. It was so called pseudo
reactive azeotrope by Ung and Doherty.lz’14 These singular
points give birth to distillation boundaries that must be deter-
mined to study the feasibility of the process.

Given the singular points and the distillation boundary,
the following rules enable to determine the most favorable
feed composition and the column structure necessary to
obtain the desired product according to the following rules: '

Rule No. I (see Figure 3): Single-feed reactive distillation
is a feasible operation if:

e the distillate and bottom products and the feed satisfy
the material balance.

® both products (bottom product B and distillate product
D) are connected by a reactive distillation curve.

Rule No. 2: If it is necessary to separate a product that
cannot exist alone in mixture whose compositions are con-
strained by equilibrium equations, a section with nonreactive
distillation trays must be added. For example, in the case of
the Ry + R, <= P system, a pure separation section is
required to obtain pure P.

In that case, for the feasibility analysis of hybrid proc-
esses, the static analysis introduced by Giessler et al.'®™'® is
applied.

Rule No. 3: If one or both products are saddles, the con-
centration profile can be shifted in the direction of the saddle
using a column with two feed stages.'

Reactive System : 1
R, + R; & P, with inert |
Azeotrope : R,/1

~ e
// Reactive residue curve map\
\ plotted in the reactive J

~.__ composition space _~

D
Figure 3. Feasibility analysis of a single-feed reactive
distillation column.
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Figure 4. Material balance in the reactive middle
section.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

However, this latter rule is only a heuristic rules which
would need to be validated by a rigorous feasibility analysis.
The following section provides hints for this analysis by
introducing the rExXCM concept.

Second case: Double-Feed Unit: rExCM Analysis. Some
approaches have been developed in the literature to assess
the feasibility or to design double-feed reactive distillation
columns.

Wahnschafft and Westerberg'® suggested a method based
on the analysis of pinch point curves. However, this analysis
relies on quite complex graphical analysis performed in the real
composition space. It is so restricted to ternary systems. Malone
and Doheﬁyzo’21 described a hierarchy of methods, models, and
calculation techniques to support the design of reactive distilla-
tion columns. On the basis of the very classical example of
methyl acetate production, they apply the synthesis procedure
developed by Barbosa and Doherty?* to propose a double-feed
distillation configuration which enables to get pure methyl ace-
tate on the distillate. However, prior to this synthesis step, a rig-
orous feasibility analysis similar to the analysis of reactive resi-
due curve maps would be required to determine the best feed
conditions and the attainable product in bottom and the distil-
late. To fill this gap, Gadewar et al** recently developed a feasi-
bility analysis methodology based on a counter current cascade
of vapor-liquid continuous stirred-tank reactor (CSTRs) that
enables to predict the feasible splits for continuous double-feed
reactive distillation processes. Furthermore, the use of reactive
composition enables the application of this methodology to sys-
tems with several reactions (provided that the degree of free-
dom remain equal to 2).

The approach we propose is very similar to the former one
but rather consists in an adaptation of the extractive profile con-
cept defined by Lelkes et al.>* for batch nonreactive extractive
distillation. Using the reactive composition, the rExXCM concept
enables to formulate a necessary condition for the feasibility of
a reactive double-feed unit which is very similar to the neces-
sary condition formulated for single-feed RD columns and
based on the analysis of reactive residue curve maps.

® Definition and formulation of a reactive extractive curve

Figure 4 shows a balance region drawn between the distillate
withdrawal and a stage s-1 located in the middle section.

Assuming a total reflux ratio, a mass balance on this sec-
tion leads to the following equation:

Nr
Liy-xj;=Fy-xp,;i+V-yi+ Zvi,k ~Crjmt
=1
for i=1,...,No.—1 4)
Nr
Li :FquVJrZVrJ'éj.s—l (5)
=1

where &, ;_; is the cumulative extent of the reaction k on the
stage j — 1 starting from the top of the column.
Using a Taylor series, x;_; can be approximated by
dx;
Xjj = X1 + G (Ah) + 9{(Ah)*}
J

Here, Ah = (G — 1) — = —1, then we obtain

an = N1 T X
Moreover, combining Egs. 4 and 5, we obtain

Li1(xj-1i — x50) = Fulxp,i — x0) + V(i — %)

Nr
+ Z (Vik — Vek 'xj,i)gkj—l (6)
k=1

Taking into consideration that y, is in equilibrium with x;
(x;; = x; and y;; = y;*), Eq. 6 becomes

dx,- . Nr i}
T Ly =Fy(xp i —xi) + V0 —x) + ; (Vik — Ve - xi) s

@)

Then, %.L; \=x;(=V—Fy—v & ) +Fy xp;+ V-

Nr
. ¢
Vit Do viks Ckj—1
k=1

Dividing each side of the equation by L;_;, we get:

O .
dh Nr
V4 Fu+ 3 vk &y
k=1
Nr
Vvt Z Vik - fk,f—L
+ i + k=1
Nr Nr
VAF+ Y vie-Sejor VAFa+ > g &j
k=1 k=1
Expressing this equation as a function of the parameter %
and the nondimensional extent of the reaction k: , = g‘%/‘,
we finally obtain:
dx; Fy
—=-x+ i “XFi
dh P Nr )
I+ “/VJF th,k"pk
k=1
Nr
y* Z vi',k : l/jk
+ ’ - =l (8)

F Nr F Nr
L+Pofy+ 3 v Y LHTofy+ 3 v Yy
=1 =1



A reactive extractive curve (rExC) is so defined by the
locus of liquid composition obtained through the resolution
of Eq. 7 for given:

® initial composition,

® value of Fv parameter,

® and composition of the upper feed xz ;

As for the reactive residue curves, this differential alge-
braic equation (DAE) system is solved with the DAE solver
Do Integrate by Software Component (DISCo) based on the
Gear method."!

These curves are represented in the reactive composition
space then allowing the feasibility analysis of system whose
degree of freedom is equal to 2.

Whereas the reactive residue curve can be seen as an
approximation of the composition profiles in the rectifying
and stripping sections of a reactive column operating at total
reflux, the rExC approximates the liquid compositions on the
reactive middle section of the same column.

® Maximum value of parameter F,/V

The mass balance equation shows that the parameter F,/V is
necessarily correlated to the reflux ratio. We can demonstrate
(see Appendix) that, to keep a positive reflux ratio, the F/V
parameter values are restricted to the interval defined by:

Nr
L+ 37 vy
k=1

O o)1+ p) ©

with og = £ and f = %

e Necessary condition for the feasibility of reactive dou-
ble-feed operations

The necessary condition for the feasibility of reactive dou-
ble-feed processes is illustrated on Figure 5. A double-feed
reactive distillation operation is feasible, if:

e the distillate and bottom products and the feed satisfy
the material balance.

® it is possible to draw a continuous path from the distil-
late to the bottom products thanks to a reactive residue curve
(approximation of the composition profile in the reactive rec-
tifying section), a reactive extractive curve (approximation
of the composition profile in the reactive middle section),
and another reactive residue curve (approximation of the
composition profile in the reactive stripping section).

Consequently, the simultaneous analysis of the rRCM and
rExCM enables to assess the feasibility of double-feed reac-
tive distillation processes.

Synthesis step

The synthesis step is based on the boundary value design
method introduced by Barbosa and Doherty.21‘25 The specifi-
cations required for the synthesis (distillate, bottom and feed
compositions, and structure of the column) are inherited
from the feasibility analysis presented formerly. The synthe-
sis provides more precise information concerning the process
configuration: minimum reflux ratio, and for a given reflux
ratio, location of the reactive zone, number of theoretical
stages, and position of the feed plates. In the developed tool,
a broad range of configurations can be considered: one or
two pure separation sections, one or two feed plates, and fi-
nite or infinite reflux ratio. Within this framework, the con-
stant molar overflow (CMO) assumptions are formulated: all
the thermal effects are neglected and composition profiles

Azéo D
R1/R2/P
Figure 5. Feasibility analysis of a reactive double-feed
distillation operation.

are deduced from the mass balance equations. The composi-
tion profiles in the rectifying, middle and stripping sections
are calculated considering a RD column, and calculating the
mass balance between the top of the column and a rectifying
stage and between the bottom of the column and a stripping
stage, respectively. The obtained profiles necessarily depend
on the reflux ratio.

A feasible steady state is found when the rectifying, mid-
dle and stripping profiles intersect. As the synthesis step
computes the profile stage by stage, the number of stages
required in each section of the column can be estimated.

Conceptual design step

The previous steps lead to a column configuration and a
reflux ratio that permits to reach the initial product specifica-
tions. However, so far, the column configuration has been
drawn up from the mass balances only. Thermal phenomena
(heat of reaction, thermic loss, heat of mixture, etc.) have
been ignored. Knowing the configuration of the required col-
umn which is not modified here, the design step consists in
adjusting the operating parameters taking into account the
overall complexity of the process. This is done with
PROSIM® process simulation software. Given the pressure
and the column configuration, the degree of freedom of the
MESH model is equal to 2: to saturate this degree of free-
dom and to take both recovery ratio and yield of the reaction
at the same time, the problem is defined by fixing the molar
flow rate of one component as the first constraint:

e cither the distillate molar flow rate of the key compo-
nent if the key component (component k) is obtained in the
distillate product:

D1 =D- X/_’D (10)

e or the bottom molar flow rate of the key component, if
the key component (component k) is obtained in the bottom
product:

B/:BJQB (11)

This first specification qualifies the quantity of product.

To qualify the guality, the second constraint chosen to sat-
urate the problem is the distillate or the bottom purity of the
key component (x;p or x; ).

Then, the required reflux ratio and heat duties are deduced
from the model resolution. At the end of this step, a column
structure and the associated operating parameters necessary
to achieve the initial specifications are available.



Table 1. Properties of the Components for the
MGDM System

Chemical Molar Mass Normal

Name Formula (g moll) Boiling Point (K)
MGA CgH004  146.14 627.25
(2-methyl glutaric Acid)
MGMM C;H,0, 160.17 562.85
(Methyl 2-methyl Glutarate)
MGDM CgH,14,04 174.20 498.45
(Dimethyl 2-methyl glutarate)
H,O H,O 18.01 373.15
(Water)
MeOH CH,O 32.04 337.85
(Methanol)

At the end of the procedure, we finally obtain a configura-
tion of a RD process and its operating condition. This con-
figuration is a reliable initialization point for a further opti-
mization of the process based on a more rigorous model
(nonequilibrium equation, kinetically control reactions, etc.).
In the following section, this procedure will be applied to
the emblematic example of production of methyl acetate.

Application: Production of
Dimethyl Methyl Glutarate

The second example concerns an industrial case study pro-
posed by Rhodia company and will permit to illustrate the
methodology on a complex system consisting on five compo-
nents and two reactions. This example concerns the produc-
tion of dimethyl methyl glutarate (MGDM) from methyl glu-
tarate acid (MGA) and methanol (MeOH) through two con-
secutive reactions: formation of the monoester 2-methyl-2-
methyl glutarate (MGMM) and formation of the diester di-
methyl-2-methyl glutarate (MGDM).

MGA + MeOH < MGMM + H,0 R1D
MGMM + MeOH < MGDM + H,0 R2)
For this system a UNIFAC thermodynamic model has

been chosen, and the chemical equilibria were defined as
follows:

15,034.881
In(Ky) = ~3788 + (12)

MGA ) T )HBM;I
(562.9 K)

P=1atm

Figure 6. Reactive residue curve map of MGDM system
(P =1 atm).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7. Feasibility condition of a double-feed reactive
distillation process for the MGDM system.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

15,034.881
In(Ky) = ~3062 + = (13)

The five components are summarized in Table 1. The
complexity of the operation relies on the very high relative
volatilities of the components MGA/MeOH and MGMM/
MeOH which prevent these reactants to coexist on the same
stage. Then, it seems difficult even impossible to imagine a
single stoichiometric feed reactive distillation column. The
minimal excess of methanol will be discussed later.

H,0
(37345 K) |

&

MGA MGMM MGDM

(b)
Figure 8. (a) rExCM (F,/V = 0.1; P = 1 atm; upper feed =
MGA) and (b) locus of the rExCM stables nodes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. Unfeasibility of double-feed RD column to
obtain pure MGDM and pure H20.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Feasibility Analysis

Figure 6 represents the reactive residue curve map of the
MGDM system under 1 atm and displays the mass balance
line for a stoichiometric feed, that is, for proportion of reac-
tant satisfying the following relation:

F
TMeOH _ 5 (14)
Fyea

Pure Product Production.
to the following conclusions:

® there is no distillation boundary;

e the stable node is the heavy reactant (MGA);

e the unstable node is the light reactant (MeOH);

® both desired products (MGDM and H,O) behave as sad-
dle points.

Distillate and residue do not belong to the same reactive res-
idue curve; as a consequence, the recovery of pure MGDM is
not feasible in a single-feed reactive distillation column with a
stoichiometric feed. To get pure H,O and pure MGDM, the
rectifying and stripping profiles need to follow paths, respec-
tively, along to the nonreactive binary edges MGA-H,O and
MeOH-MGDM. Introducing a new feed stage permit to con-
sider a profile in the middle section which would connect recti-
fying and stripping profiles (see Figure 7) .

An analysis of TEXCM is then required to study the feasibil-
ity of a double-feed reactive distillation column. In that exam-
ple, MeOH would be fed in the lower plate and according to
Eq. 9, the maximum value of the F,/V parameter is equal to
0.5. Figure 8a represents the rExCM for F,/V = 0.1. As
shown in this figure, all reactive extractive curves display a
stable node located inside the reactive composition space. As
shown in Figure 8b, which represents the locus of this stable
node for values of all the possible values of F,/V, the location
of this stable node strongly depends on the value of F/V.

Figure 9 represents the profiles that would be observed on
the stripping and on the rectifying sections starting from
pure products (MGDM in the bottom product and H,O in
the distillate product). A profile in the middle section for F,/
V = 0.25 is also represented. This figure demonstrates that it
is impossible to draw a continuous path from the bottom
product to the distillate product. As a conclusion, even if
with a double-feed plate column, a reactive distillation lead-
ing to pure MGDM and H,O is unfeasible.

The analysis of Figure 6 leads

Binary Mixture Production. As production of pure
MGDM is unfeasible, it is necessary to study the feasibility
of a reactive distillation operation where the bottom and dis-
tillate product would be, respectively, MGMM/MGDM and
H,0/MeOH binary mixtures. For this analysis, the minimal
composition of MGMM in the bottom product is fixed to
80%. Figure 10 displays the mass balances regions for vari-
ous reactants proportions (in light gray). As no reactive resi-
due curve belong to both lower and upper mass balance
regions, a single-feed RD operation is not feasible.

Figure 11 enables the feasibility analysis of a double-feed
reactive distillation operation for an equimolar feed (MeOH/
MGA = 2) or for an excess of MeOH (MeOH/MGA = 3).
In both cases, it is possible to draw a continuous path from
the bottom product to the distillate product. Consequently, a

MGA MGMM

MeOH/MGA = 0,75 |

Figure 10. Feasibility analysis of single-feed RD opera-
tion for the production of binary mixtures.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]



MGA MGMM MGDM

d J 4
MGA MGMM MGDM

MeOH/MGA=2 | | === Mass balonca MeOH/MGA = 4
(Fu/V)max =0.5 . T (Fu/V)max = 0.3

Figure 11. Feasibility analysis of double-feed RD operation for the production of binary mixtures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

double-feed reactive distillation column would enable to
product a binary mixture composed of MGDM and MGMM
with a MGDM molar fraction higher than 80%.

Synthesis

According to the feasibility analysis, a double-feed reac-
tive distillation column operating with infinite reflux ratio
would permit to obtain a bottom product mainly composed
of MGDM. To confirm this conclusion and to determine the
required column configurations for finite reflux, it is neces-
sary to perform the synthesis step. Bottom and distillate
compositions are essential data for this study. To obtain a
consistent set of data, the mass balances are solved with con-
straints on the conversion ratio of MGA, the selectivity of
reaction R2 and conversion ratio of MGDM.

D -xpmca + B - xgmca

2
> (Fi - xrMcA)

i=1

™Ga = 1 — 0.99 (15)

D - xp mGpm + B - X MGbM

SmepM =
D (xpmcpm + Xpmemm) + B (XBmMapM + X8 MGMM )
—095 (18)
B.
TMGDM = 5 MODM =0.99 17)

D - xpmcpm + B - X MGDM

Table 2. Influence of the MeOH/MGA Ratio on the
Performances of the RD Column

Steady Steady
state state
No.1 No.2
MeOH/MGA 2 3
Fyca(mol/s) 100 100
Fteon(mol/s) 200 300
Distillate XMGA O-Oo(lraces) 0~00(tmces)
Product XMGMM 0.05 0.00¢races)
XMGDM 0.95 0.00(races)
X0 0.00races) 0.96
XMeOH 0~00(lraces) 0.03
D(mol/s) 202 302
Bottom XMGA 0.00races) 0.00¢races)
Product XMGMM 0.05 0.00(races)
XMGDM 095 O-OO(truces)
xHZO O-Oo(lraces) 0.64
XMeOH O-OO(lraccs) 0.35
B(mol/s) 98 98

Notice that combining these three criteria, we obtain an
aggregate criteria which refers to the global performance of
the operation taking into account the efficiency of both reac-
tion and separation effect at the same time.

Indeed, we can demonstrate that the global efficiency of
the process (GlobalEff):

B - xg mopM
GlobalEff = TMGA * SMGDM * TMGDM = —————————

o

(Fi - xF,MGA)

i=1

Assuming that Fy;ga = 100 mol/h, Table 2 gives the com-
positions and flow rates of distillate and bottom products for
two selected steady states. In these conditions, the global ef-
ficiency of the RD column is equal to 93.1 % which means
that for 100 mol/hr of MGA, we can obtain 93.1 mol/hr of
MGDM in the bottom product.

For the steady state No. 1 given in Table 2 and whatever
the location of the lower feed plate and the value of the
reflux ratio, the observed profile looks like the one repre-
sented in Figure 12. It means that the reactive distillation
operation is unfeasible in stoichiometric conditions.

Figure 13 displays one of the reactive profiles obtained for
the steady state No. 2 (small excess of MeOH). In that situa-
tion; the column configuration is as follows:

® 5 stages in the reactive stripping section,

® |1 stages in the reactive middle section,

e 2 stages in the reactive rectifying section.

H,0 MeOH

—@— Profile in the middle section
& Profile in the reactive stripping section
-m- Profile in the reactive rectifying section

!

MGA MGMM MGDM
Figure 12. Typical profile obtained in the synthesis step
for the steady state No. 1.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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MGA MGMM MGDM
Figure 13. Feasible profile obtained in the synthesis
step for the steady state No. 2.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Conceptual design

In the design step, the configuration given in the former
part is simulated using a process simulation software. Given
the degree of freedom of the reactive distillation process,
Two specifications must be provided to the process simula-
tor. To determine these two specifications, two strategies can
be used:

e The first strategy consists in deducing these specifica-
tions from the performances predicted during the synthesis
step; In our case study, the bottom flow rate and the compo-
sition of MGDM in the bottom product are given (see Figure
14a). Unfortunately, for this system, the relaxation of the
CMO does not permit to reach the global efficiency deter-
mined during the synthesis step.

® The second strategy consists in fixing the distillate flow
rate and analyzing the influence of the reflux ration the
global efficiency of the process (see Figure 14b). As illus-
trated in Figure 15, a reflux ratio equal to 5 can lead to an
efficient operation with a global efficiency equal to 81%.
Figure 16 represents the composition profiles obtained for
this configuration.

Conclusions

A general methodology for the conceptual design of reac-
tive distillation processes has been presented. The main in-

T

2 stage:

Frga = 100 mol/s

12 stogds

Freon = 300 mol/s

5 stages

98 molis ™,

"X meom=0,95

(a)

Fuca = 100 mol/s | 25tage

85
80 +
751
70 T
65
60 +
55
50 +
45 +
40
35

Global Efficiency

0 0,2 0,4 0,6 0,8 I 12
Reflux ratio

Figure 15. Influence of the reflux ratio on the global ef-

ficiency.

terest of this methodology lies on a progressive introduc-
tion of the process complexity and the coupling of differ-
ent complementary approaches. From a minimal set of
information concerning the physical and chemical proper-
ties of the system, three successive steps lead to a prelimi-
nary design of a column and the specification of its operating
conditions. The results obtained leads to a reliable initialization
point for a further optimization of the operating conditions and
the process design. Of course, this optimization step should be
based on a more rigorous model including not only nonequili-
brium equations for the liquid vapor (LV) equilibrium but also
kinetically controlled reactions.

The methodology is constantly extended. In this contribu-
tion, the most recent development concerning the introduction
of a rigorous feasibility analysis for double-feed processes
has been developed. The concept of the reactive extractive
curve map appears here as a very efficient tool to quickly
assess the feasibility of a double-feed reactive distillation pro-
cess. These new functionalities have been validated not only
through an academic example but also through various indus-
trial case studies recently proposed by Rhodia or by other
industrial partners.

However, although RD processes are really promising, the
interactions existing between reaction and separation func-
tions lead to nonlinearities which strongly complicate the
control of such processes. For that reason, studies concerning

Fricon = 300 mol/s

12 stages

5 stages

(b)

Figure 14. Definition of the problem for the design (a) or the sensibility analysis (b) of the RD distillation column.
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Figure 16. Composition profiles obtained in the design step.

the design of RD processes including controllability is cur-
rently in progress.

Notation
Indexes

J = stage
k = reaction
| = key component

Variables

liquid composition

= vapor composition

= reflux ratio

= bottom product flow rate (mol/s)
= total feed flow rate (mol/s)
= upper feed flow rate (mol/s)
lower feed flow rate (mol/s)
liquid flow rate (mol/s)

= number of reactions

= vapor flow rate (mol/s)

= molar holdup (mol)

D = distillate flow rate (mol/s)

Greek letters

C<ZeM Ty mxe
|

7 = adimensional time
v, = sum of the stoichiometric coefficient of reaction k
v, = stoichiometric coefficient of reaction k for component i
ij = extent of reaction k on stage j (mol/s)
Y = nondimensional extent of reaction
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Appendix

The purpose of this appendix is to demonstrate the relation
given by Eq. 8. This relation gives the maximal value of the
parameter F,,/V for a double-feed reactive distillation column.

A material balance on the balance region drawn on the

Figure Al leads to the following relation: V+B+Z
k=
virée =Fy+ F1+ L, where and &, is the global yield of

reaction £ in the column.
Dividing this relation by V, we obtain:

Z V[kék

F, F r-D B
Tug A Al
Vv Vv + % + V Vv (AD)
where the reflux ratio r is given by : r =%
Defining three parameters: o =%, ap =2, and f = %,
Eq. Al becomes:
Nr
Beprrom Darp 1w e+ i
- o — = oR + — -
% roae By %

This equation can also be written as follows:

Nr
F Z Vr,kék
“v 1 . Y
V( +B)(1+r-op+op) =1+ v
According to this equation, we can express the reflux ratio
by:

Nr
14 Z Vt,kik/v

= R e —— —1 A2
P 7"( ) + oB (A2)

Vv

R

1 [

1 :l B
Fu'; |L D

| 1

| 1

Y B |
S R — I

I I

| I

! I

[

I___""B

Figure A1. Mass balance on a double-feed RD column.

The reflux ratio must be a positive parameter, we can
write the following condition:

Nr
1+ > vy
k=1
P(+P)

This condition finally permits to obtain the upper bound
for the F,/V parameter:

+O{B—120

Nr
1+ Z Vt,kék/v
& < k=1

Vo (1 —a)(1+ )
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