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Although reactive distillation columns allow direct utilization of heat of reaction to separation
operation, the effectiveness of internal heat integration appears generally to be unsatisfactory and
their thermodynamic efficiency could quite often be improved substantially through seeking further
internal heat integration between the reaction and separation operations. Prudent arrangement of
reactive section, effective determination of feed location, and deliberate distribution of catalyst
constitute the three methods that can complement internal heat integration within a reactive
distillation column. The reactive section is suggested to superimpose properly onto the stripping
section for exothermic reactions and onto the rectifying section for endothermic reactions. Feed
location and distribution of catalyst should be determined so that the effect of internal heat
integration can be maximized to its fullest extent. A sequential procedure is proposed to determine
an appropriate process configuration for internal heat integration within a reactive distillation
column. Five reactive distillation systems, involving not only equilibrium-limited but also kinetically
controlled reactions, are used to evaluate the design philosophy proposed. It has been found that
a substantial improvement in system performance can be achieved even for some reaction systems
with side reactions and/or unfavorable thermodynamic properties. Seeking further internal heat
integration has been demonstrated to be an effective method for refining process design of a
reactive distillation column involving reactions with highly thermal effect. These conclusions are of
great significance and can provide process designers with additional latitude to elaborate their
process designs. © 2006 American Institute of Chemical Engineers AIChE J, 52: 25182534, 2006
Keywords: distillation, reaction engineering, heat integration, thermodynamic efficiency,
process synthesis, process design
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Introduction

Because of the combination of the reaction and separation
operations within one unit, a reactive distillation column is
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frequently said to allow direct use of the heat of reaction to the
separation operation, although this is merely an intuitive ob-
servation. The thermodynamic efficiency is often far from
satisfactory for a reactive distillation column involving reac-
tions with a highly thermal effect, arising from the neglect of
internal heat integration between the reaction and separation
operations. In a worst-case scenario, in some process designs
published in the open literature, the resultant internal heat
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integration even worked adversely to the separation operation
and was actually in sharp contradiction to the second law of
thermodynamics.! Although reactive distillation columns have
received considerable attention over the last 15 years, to date
there have been only a few papers that systematically addressed
the issues of internal heat integration during the synthesis and
design of a reactive distillation column.?-#

Eldarsi and Douglas® investigated the performance of a
reactive distillation column synthesizing methyl tertiary butyl
ether (MTBE) from methanol and isobutylene. They found that
by installing an intermediate cooler at the bottom of the reac-
tive section the degree of reaction conversion and system
performance could be enhanced. Because the stripping section
generally takes in heat during operation, it is quite likely to
achieve a somewhat similar effect by superimposing a certain
part of the reactive section onto the stripping section, thereby
creating a new process design with not only low energy con-
sumption but also small capital investment.

Based on the fixed point of material and energy balance
equations and their associated eigenvectors, Okasinski and
Doherty® proposed a design method for staged reactive distil-
lation columns involving kinetically controlled reactions. They
recognized the positive effect of positioning an appropriately
reactive section within a reactive distillation column involving
reactions with highly thermal effect, including, for instance, the
reduction of minimum boil-up ratio and number of stages.
Subawalla and Fair” advocated distributing the reactive section
and determining feed location in terms of the relative volatil-
ities of reacting mixtures, but gave no further insight into the
effective use of heat of reaction in process synthesis and
design. Melles et al.? suggested using variable liquid holdups
(to express more exactly the amount of catalyst per stage) in the
design of reactive distillation columns and indicated that heat
of reaction could lead to a reduced reflux/reboil ratio, although
at the expense of an increased number of stages. Because
internal heat integration decreased the driving forces of mass
transfer in the rectifying/stripping section, the number of stages
had to be increased accordingly to effect a specified separation.
Based on the concept of a difference point, Lee et al.>!°
devised a graphical method for the interpretation of process
design of reactive distillation columns. They systematically
demonstrated the advantages of effectively distributing a reac-
tive section within a reactive distillation column, including, for
example, the circumvention of azeotropes and use of heat of
reaction to aid the separation operation.

Although for binary reaction systems, the graphical method
proposed appears extremely effective for elucidating the cor-
rect position of the reactive section within a reactive distillation
column, it becomes rather complicated in the visualization of
process design for multicomponent reaction systems resulting
from the increased dimensionality.!'"-'> A number of research-
ers (such as Ciric and Gu,'? Papalexandri and Pistikopoulos,'#
Cardoso et al.,'> Ismail et al.,'® Stichlmair and Frey,!” and
Jackson and Grossmann'®) addressed the design of reactive
distillation columns in terms of a mixed-integer nonlinear
programming (MINLP) formulation. They demonstrated that
adopting a multiple feed scheme and variable liquid holdups in
the reactive section could substantially improve system perfor-
mance. The potential problems behind this kind of methods are
the complexities in problem formulations and difficulties in
searching for the global optimum (such as for nonlinear and/or
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nonconvex models), even though considerable effort has al-
ready been expended to simplify the problem.! Kaymak and
Luyben?° investigated the influences of feed location on the
energy consumption of a hypothetical reactive distillation col-
umn. They noticed the pronounced effect of feed location, but
presented no further discussion on how to tackle this issue to
achieve the maximum reduction of energy consumption in
process synthesis and design.

Although distillation is a mature technology for separation
operation, it is characterized by a low thermodynamic effi-
ciency. To deal with the deficiency, a considerable amount of
research has been undertaken ever since the beginning of the
last century and, to date, a number of modified schemes have
been proposed. These primarily include: heat pump-assisted
distillation processes,?!->* distillation processes with interme-
diate heat exchangers,?>-2% and internally heat-integrated distil-
lation processes.?-3* The common principle behind these pro-
cesses is to reduce the irreversibility of the separation operation
in terms of the thermodynamic interpretation of distillation
columns, that is, a rectifying section is usually a potential heat
source and the stripping section, a potential heat sink.34-3¢ For
a reactive distillation column involving reactions with a highly
thermal effect, the enhancement of thermodynamic efficiency
sometimes still appears possible by seeking further internal
heat integration between the reaction and separation opera-
tions.

The heat of reactions might be used effectively as either a
heat source (in case of exothermic reactions) or a heat sink (in
case of endothermic reactions) to drive the separation operation
in the stripping section or in the rectifying section, accordingly.
Contrary to conventional distillation columns, it seems to re-
quire almost no additional capital investment but merely a
delicate combination of the reaction and separation operations.
The primary objective of the current work is therefore to
investigate the feasibility and effectiveness of seeking further
internal heat integration between the reaction and separation
operations in a reactive distillation system involving reactions
with a highly thermal effect. A sequential procedure is devel-
oped for the reinforcement of internal heat integration during
the synthesis and design of a reactive distillation column. Five
reactive distillation systems, involving not only equilibrium-
limited but also kinetically controlled reactions, are used to
evaluate the proposed design philosophy. The energy-saving
potentials of the supplementary internal heat integration be-
tween the reaction and separation operations are examined
through intensive comparison with conventional design meth-
ods. The feasibility of elaborating process design by seeking
further internal heat integration is highlighted for reactive
distillation columns involving reactions with a highly thermal
effect.

Process Design by Seeking Further Internal Heat
Integration within a Reactive Distillation Column

To effectively conduct process design for a reactive distil-
lation column involving reactions with a highly thermal effect,
it is frequently necessary to consider further internal heat
integration between the reaction and separation operations
through a careful combination of these two operations. Three
methods can be favorable to the reinforcement of internal heat
integration within a reactive distillation column:
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(1) The first method is to extend the reactive section to
either the rectifying section or the stripping section in terms of
the detailed reaction system at hand. The common zone where
reactive stages are superimposed onto nonreactive ones can
serve to supplement internal heat integration between the re-
action and separation operations.

(2) The second method is to deliberately choose the feed
location of the dominant feed in the reactive section. The
change of feed location affects the number of stages in the
rectifying section and/or in the stripping section and thus the
degree of internal heat integration (that is, superimposition)
between the reaction and separation operations.

(3) The third method is to deliberately determine the distri-

bution of catalyst in the reactive section. For instance, the
catalyst should quite often be used more carefully in the com-
mon zone where reactive stages are superimposed onto nonre-
active ones than on the other reactive stages, thereby establish-
ing a distribution of catalyst that can facilitate internal heat
integration between the reaction and separation operations.
It should be pointed out here that the distribution of catalyst is,
in principle, valid for both kinetically controlled and equilib-
rium-limited reactions. However, in the case of an equilibrium-
limited reaction, if its reaction velocity is so fast that chemical
equilibrium can be reached instantaneously on all reactive
stages, then the distribution of catalyst has no influence on
system performance because the amount of catalyst equally
influences both forward and backward reactions and has no net
influence on reaction equilibrium. In most cases, the combina-
torial use of these three methods could provide higher flexibil-
ity and more benefits than each of them, separately, in tapping
the potentials of internal heat integration and is therefore highly
recommended in this work.

To determine an effective combination of the reaction and
separation operations within a reactive distillation column in-
volving reactions with a highly thermal effect, it frequently
requires a trial-and-error search by means of the three methods
proposed for seeking further internal heat integration. A se-
quential procedure is outlined in Figure 1, which can easily be
combined into any conventional design methods based on an
economical criterion, such as minimization of total annual cost.
Starting from a process design with a reactive section in be-
tween the rectifying section and the stripping section (that is, a
basic process design), a process designer can easily develop it
into a more efficient one by conducting some simple process
simulations. Although the sequential procedure is described
here for a reactive distillation column with two feeds at the
ends of the reactive section and evenly distributed catalyst, it is
not restricted to the process configuration itself and can actu-
ally be applied to any complicated column arrangements in-
volving multiple feeds. In the latter case, there usually is only
one feed that dominates internal heat integration between the
reaction and separation operations. In terms of the dominant
feed, the sequential procedure can be applied straightforwardly.
Because internal heat integration reduces the driving forces of
mass transfer, the number of separating stages must be adjusted
accordingly in the rectifying/stripping section to guarantee the
resultant process design with sufficient redundancy and high
flexibility. Note that this adjustment is also necessary for the
maintenance of dynamic controllability of the resultant process
design.

It should be stressed here that seeking further internal heat
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Establish a basic process design with two
feeds at the ends of reactive section and
evenly distributed catalyst

Vary the dominant feed location
until the minimum energy
consumption E; is reached

Superimpose reactive stages onto non-
reactive ones until the minimum
cnergy consumption E; is reached

Vary the dominant feed
location and check if E; is
reduced further

Superimpose reactive stages
onto non-rcactive ones and
check if E, is reduced further

If distribution of catalyst
should be adjusted 7

No

Find distribution of catalyst for
relevant process configurations

Determine the process configuration
for internal heat integration

|

Adjust the number of stages in the
rectifying/stripping scction

Figure 1. Sequential procedure to determine an appropri-
ate process configuration for internal heat inte-
gration within a reactive distillation column.

integration can work as an effective way to elaborate process
design of a reactive distillation column. The reason lies pri-
marily in the improvement of the synergism between the reac-
tion and separation operations. By seeking further internal heat
integration within a reactive distillation column, not only could
the conversion rate be enhanced for a reversible reaction, but
also the irreversibility associated with separation operation
could be reduced, both of which actually contribute to the
enhancement of thermodynamic efficiency. For the former
case, a lower energy consumption can result from the recycle
of fewer reactants unconverted back to the reactive section, and
for the latter case, a smaller boil-up/reflux ratio can achieve a
specified separation. Furthermore, the improvement in thermo-
dynamic efficiency permits further reduction in capital invest-
ment and therefore leads to a more compact process design,
which is also one of the main features of process intensifica-
tion.37-38

Considering Further Internal Heat Integration
within a Reactive Distillation Column Involving a
Highly Exothermic Reaction

Example I: A hypothetical reactive distillation column

Process Description. This reactive distillation system was
defined and studied by Luyben and coworkers.3*#° The process
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d =0.0126 kmol/s

Fp = 0.0126 kmol/s
xc=0.95

P =900 kPa
EC Conversion = 95%

Figure 2. Hypothetical reactive distillation column.

Fa= 0.0126 kmol/s

b =0.0126 kmol/s
Xp = 0.95

has three zones: a rectifying section, a stripping section, and a
reactive section in between (Figure 2). It is equipped with a
total condenser at the top and a partial reboiler at the bottom.
Two pure reactant fresh feeds, F, and Fj, are fed into the
bottom and the top of the reactive section, respectively. Table
1 summarizes the physical properties and steady-state operat-
ing conditions for the reactive distillation system and other
relevant information can be found in the corresponding refer-
ences.

The hypothetical reversible reaction occurring on the reac-
tive stages is

A+B<C+D AH, = —41,840 kJ/kmol (1)

The volatilities are such that the products C and D are the
lightest and heaviest, respectively, in the system. The net
reaction rate for component i on stage j in the reactive section
is given by

rij= ViHj(kf,ij,ij.j - kb,ij,jxl),j) 2

where k;; and k,, ; are the forward and backward specific reac-
tion rates, given by

kp; = aye” N (3a)

kb = abe—E//(RT,) (3b)

5]
Here, the liquid holdup H is an important design parameter that
can reflect the amount of catalyst installed on a reactive stage.
A large value represents an operating condition that a large
amount of catalyst has been installed on a reactive stage, and
vice versa.

Ideal vapor- and liquid-phase behaviors are assumed for the
reacting mixture and the vapor—liquid equilibrium relationship
can be expressed as

P; = x, Py + x5 Py + xc P+ xp Pp (4a)

Yij = xi;PiP; (4b)

LJ

The vapor saturation pressure is represented as

InP;=A,;—B,/T 5)

up,i

Constant overflow is assumed for the rectifying and the
stripping sections of the hypothetical reactive distillation col-
umn. In the reactive section, the overflow changes from stage
to stage because the heat of reaction vaporizes some liquid on
each stage.

Vi=Vi — rj,CAHR/AHV (6)

Li=L,,+ r,cAH/AH, N

The process is simulated with a generalized steady-state
model described in the Appendix. It is noted that strict speci-
fications have been imposed on the top and bottom products.
They exactly define system performance (such as a constant
overall conversion rate in the reactive section) on which the
effect of seeking further internal heat integration between the
reaction and separation operations will be examined.

The Effect of Seeking Further Internal Heat Integration.
Luyben and coworkers performed process design for the hy-
pothetical reactive distillation column, and we regard their
resultant process design as the basic one here and investigate
the influences of seeking further internal heat integration within

Table 1. Physical Properties and Operating Conditions of Example I

Item Value
Activation energy (kJ kmol ") Forward 125,520
Backward 167,360
Specific reaction rate at 366 K (kmol + s~' + kmol ') Forward 0.008
Backward 0.004
Stage holdup (kmol) 1
Thermal condition of F 1.0
Thermal condition of Fpy 1.0
Relative volatility A:B:C:D 4:2:8:1
Latent heat of vaporization (kJ kmol ") 29053.7
Vapor pressure constants A(A,,/B,,) 12.3463/3862
B(A,/B,,) 11.6531/3862
C(A,/B,,) 13.0394/3862
D(A,,/B,,) 10.96/3862

op' Pup
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Figure 3. Strengthening internal heat integration for the
hypothetical reactive distillation column in-
volving a highly exothermic reaction.

—l-: Superimposition of reactive stages onto stripping sec-
tion; -O—: ascent of the lower feed location from the bottom
of reactive section.

the process. Because the reaction involved is a highly exother-
mic one, the heat of reaction released should be used effec-
tively at certain positions in the stripping section so that the
irreversibility associated with separation operation could be
reduced. In Figure 3, the effect of seeking further internal heat
integration between the reaction and separation operations is
illustrated on the basic process design. The same total amount
of catalyst has been maintained here, if without further indica-
tion. With the raising of the lower feed location from the
bottom of the reactive section, however, the process behaves in
an inconsistent manner. When the lower feed location has been
raised to stage 13 from stage 14 of the basic process design, the
heat duties of condenser and reboiler decrease, simultaneously,
indicating the enhancement of system performance. When the
lower feed location has been raised further, the heat duties of
condenser and reboiler turn to increase, implying, nevertheless,
the degradation of system performance.

The initial improvement in system performance has certainly
been caused by the reinforcement of internal heat integration
between the reactive and stripping sections. However, further
raising the lower feed location results in heat of reaction taken
in only by stages that are farther away from the bottom reboiler
in the stripping section, thereby representing an increasingly
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ineffective way of internal heat integration between the reac-
tive and stripping sections. Moreover, excessively raising the
lower feed location leads to an unfavorable distribution of net
reaction rates (see Eq. 2) in the reactive section and imparts a
detrimental effect to the separation operation. As demonstrated
in Figure 4, the reaction tends to occur intensively at the top of
the reactive section with the ascent of the lower feed location
(here, N, denotes the lower feed location for reactant A),
certainly resulting in the high presence there of the heaviest
component D. For the purpose of simultaneously maintaining a
product purity of 95 mol % for components C and D at the top
and the bottom (that is, a total conversion rate of 95%), the
internal vapor and liquid overflow must be increased accord-
ingly, thereby degrading system performance.

In the case of superimposition of reactive stages onto the
stripping section, it is readily apparent that the process shows
a substantial improvement in system performance. As more
reactive stages have been superimposed below the lower feed
location, the heat duties of condenser and reboiler decrease
monotonically, positively demonstrating the strong effect of
internal heat integration. When three reactive stages have been
superimposed onto the stripping section, the heat duties of
condenser and reboiler decrease to their minimum values at the
same time. Further superimposition of reactive stages onto the
stripping section leads to a slight increase in the heat duties of
condenser and reboiler because the lightest component C is
produced near the bottom and presents extra difficulties to the
separation operation. The complicated relationship between
system performance and the two methods of internal heat
integration signifies the great importance of properly determin-
ing the process configuration for the reactive distillation col-
umn.

Table 2 shows a detailed comparison between process de-
signs with and without further internal heat integration between
the reactive and stripping sections. A unified notation, N(n1)/
N,..(n2)/IN(n3)*, is used to represent different process designs
with and without further internal heat integration throughout
this work. N,, N,.,, and N, signify the number of stages in the
rectifying, reactive, and stripping sections, respectively. The
numbers in the parentheses, nl and n3, stand for the additional

Net reaction rate [kmol/s]

Stage number

Figure 4. Excessive elevation of the lower feed location
leads to an unfavorable distribution of net re-
action rates in Example I.
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Table 2. Effect of Seeking Further Internal Heat Integration for the Hypothetical Reactive
Distillation System Involving a Highly Exothermic Reaction

Process Condenser Duty Reboiler Duty Evaluations
Example I Configurations (kW) (kW) Condenser Reboiler

Basic process design with holdup to be 1.0 kmol per stage 7/6/7 1323.69 822.86 100% 100%
Raising the lower feed location one stage from the bottom

of reactive section with holdup to be 1.0 kmol per stage 7/6(1)/7 1282.28 781.45 96.87% 94.97%
Superimposing three reactive stages onto stripping section

with holdup to be 0.67 kmol per stage 7/6/7(3) 1228.59 727.77 92.82% 88.44%
Combinatorial use of the above methods with holdup to

be 0.67 kmol per stage 716(1)/7(3) 1232.61 731.79 93.12% 88.93%
Redistribution of catalyst 7/6(1)/7(3)* 1215.49 714.66 91.83% 86.85%
Combinatorial use of the above methods with holdup to

be 1.0 kmol per stage 7/6(1)/7(3) 1196.77 695.94 90.41% 84.58%

arrangement of reactive stages onto the rectifying and stripping
sections, and n2 denotes the movement of feed location of the
dominant feed in the reactive section. The asterisk (*) indicates
a process design finished after redistribution of catalyst in the
reactive section. As can be seen, introducing the lower feed at
stage 13 reduces the heat duties of condenser and reboiler by
3.13 and 5.03%, whereas superimposing three reactive stages
onto the stripping section diminishes them by 7.18 and 11.56%.
The combinatorial use of these two methods exhibits no further
improvement in system performance with a reduction of energy
consumption by 6.88% in the condenser and 11.07% in the
reboiler.

It should be indicated here that, although the reaction in-
volved is a reversible one, it has not approached the equilib-
rium state in all reactive stages. Therefore, distribution of
catalyst should be considered for the enhancement of system
performance. It is noted that the combinatorial use of these
three methods brings about the largest reduction of energy
consumption with 8.17% in the condenser and 13.15% in the
reboiler. If liquid holdups are permitted to be 1.0 kmol for all
reactive stages, the reduction of energy consumption can even
hit a high value with 9.59% in the condenser and 15.42% in the
reboiler. This reality indicates that distribution of catalyst can
be an important design variable for the reinforcement of inter-
nal heat integration for a reactive distillation column involving
a kinetically controlled reaction. Figure 5 illustrates the evolu-
tion of profiles of net reaction rates. It is readily obvious that a
certain amount of heat of reaction has been supplied to the
stripping section after seeking further internal heat integration
between the reactive and stripping sections. It is essentially the

0003 ———v
= i —— 7/6/7
3 : —a— 7/6/7(3)
§ 0002 | —a— T6(ITG3)*
v
g
=
s
g 0.001
g 0
3

Stage number

Figure 5. Profiles of net reaction rates for Example I.
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main reason why system performance has been substantially
improved.

Example II: A reactive distillation column for
synthesizing MTBE from isobutylene and methanol

Process Description. MTBE is produced by a reversible
exothermic reaction of methanol and isobutylene in the pres-
ence of a strong acidic ion exchange resin (Eq. 8). The MTBE
synthesis reactive distillation column has been extensively
studied by many researchers in the aspects of process design,
multiple steady states, process dynamics, and process opera-
tion.#1-*> A basic process design for the MTBE synthesis reac-
tive distillation column is shown in Figure 6. Again, the pro-
cess involves a three-sectional configuration: 2/8/5, in addition
to a total condenser at the top and a partial reboiler at the
bottom. A C4 vapor at 350 K, consisting of 35 mol % isobu-
tylene and 65 mol % inert n-butene, is fed into the bottom of
the reactive section, and a pure methanol liquid at 320 K into
the top of the reactive section:

MEOH(CH,0H) + IBUT(i—C,H;) <
MTBE(C,H{O)  AHp o5 = —37.7 X 10° kJ/kmol  (8)

2

FC o
4
Fueon = 198 mol/s d =405.59 mol/s
Tueon = 320K P=1100 kPa Xnur = 0.84
Conversion; = 79.23%
Conversiong = 82.17%
(J

Fcy= 547 mol/s
Tca=350K

Figure 6. MTBE synthesis reactive distillation column.

b= 177.53 mol/s

—_—
Xmee= 0.9
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Figure 7. Profiles of temperature, liquid, and vapor flow
rates of MTBE synthesis reactive distillation
column.

(a)

150 oo

—O— Condenser —8— Reboiler |

Heat duty [MW]

Heat duty [MW]}

—O—Condenser —#— Reboiler

0 ! 2 3

Reactive stages superimposed onto stripping section

Simulation of the MTBE synthesis reactive distillation col-
umn is carried out using the commercial ChemCad software.
The liquid-phase activities are calculated using the UNIQUAC
model with the binary interaction parameters reported by Re-
hfinger and Hoffmann.*® Every reactive stage is assumed to be
in chemical equilibrium and the following equation is used to
represent the temperature dependency of the reaction equilib-
rium constant:

InK,, = —16.33 + 6820/T )

The top and bottom products are specified to be 84 and 90
mol % for n-butene and MTBE, respectively. Because of the
existence of an inert component (n-butene), it is impossible to
maintain a constant conversion rate by the product specifica-
tions. Two steady states have been found in this process and
Figure 7 illustrates their corresponding temperature, liquid, and
vapor flow profiles. As can be seen, sharp difference exists in
system performance between the two steady states with an
overall isobutylene conversion rate of 79.23% in steady state [
and 82.17% in steady state II. A substantial improvement in
process design can be expected for both steady states despite
the complicated thermodynamic nature of the reacting mixture.
The reinforcement of internal heat integration is then per-
formed with respect to each of them in the sequel.

The Effect of Seeking Further Internal Heat Integration for
Steady State 1. It is found that the overall isobutylene con-
version rate undergoes almost no changes with respect to the
variations in process configuration. Therefore, its influences on
system performance can be neglected. The effect of seeking
further internal heat integration between the reaction and sep-
aration operations is demonstrated in Figure 8. With the raising
of C4 feed location from the bottom of the reactive section, the

®)
160 - - |
—O—Condenser —8&—Reboiler
z
2
)
E
=
5
L5
-
0 1 2 3
Rceactive stages superimposed onto stripping scction
@
400 -
= ; —O— 28/5 —a— 2/8(6)/5(3)
T 200 r
£
§ 0 5w 2
2 |
§ -200 7 i
8 !
T -400 -
Z Il
600 - :
1 5 9 13 17

Stage number

Figure 8. Strengthening internal heat integration for steady state | of MTBE synthesis reactive distillation column.

(a) Ascent of C4 feed location, (b) superimposition of reactive stages onto stripping section for process design, 2/8/5, (c) superimposition of
reactive stages onto stripping section for process design, 2/8(6)/5, (d) profiles of net reaction rates.

2524 DOI 10.1002/aic

Published on behalf of the AIChE

July 2006 Vol. 52, No. 7 AIChE Journal



Table 3. Effect of Seeking Further Internal Heat Integration for Steady State I of the Reactive
Distillation System Synthesizing MTBE

Process Condenser Duty Reboiler Duty Evaluations
Example II Configurations MW) (MW) Condenser Reboiler
Basic process design 2/8/5 145.70 133.36 100% 100%
Raising C4 feed location six stages from the bottom
of reactive section 2/8(6)/5 126.89 114.55 87.09% 85.90%
Combinatorial use of the methods of internal heat
integration 2/8(6)/5(3) 87.33 74.92 59.94% 56.18%

heat duties of condenser and reboiler decrease monotonically
and it thus appears advantageous to feed the C4 mixture at the
top part of reactive section (Figure 8a). In terms of the super-
imposition of reactive stages onto the stripping section, the heat
duties of condenser and reboiler substantially decrease in com-
parison with the basic process design, 2/8/5 (Figure 8b). For the
process design, 2/8(6)/5, the effect of superimposing additional
reactive stages onto the stripping section is examined again and
the results are shown in Figure 8c. Extremely analogous to the
basic process design, 2/8/5, a substantial reduction has still
been found in the heat duties of condenser and reboiler. Figure
8d compares the profiles of net reaction rates for process
designs 2/8/5 and 2/8(6)/5,(3) and it is readily apparent that
seeking further internal heat integration strengthens the syner-
gistic effect between the reaction and separation operations.
Table 3 summarizes the effect of seeking further internal heat
integration between the reactive and stripping sections. In
comparison with the basic process design (2/8/5), introducing
C4 feed flow at stage 5 reduces the heat duties of condenser and
reboiler by 12.91 and 14.10%, respectively. The combinatorial
use of the two methods of internal heat integration [that is, in
2/8(6)/5(3)] cuts down energy consumption by 40.06% in the
condenser and 43.82% in the reboiler.

The Effect of Seeking Further Internal Heat Integration for
Steady State II. Neither the ascent of C4 feed location from
the bottom of the reactive section nor the superimposition of
additional reactive stages onto the stripping section appears to
be effective for the improvement of system performance. C4
feed flow is then considered not to be the dominant one and
MEOH feed flow should be used instead in the reinforcement
of internal heat integration between the reaction and separation
operations. There is only one design option left in this case: the
change of feed location. Figure 9a demonstrates the relation-
ship between MEOH feed location and the heat duties of
condenser and reboiler. A steady improvement in system per-
formance is noticed when MEOH feed location has been low-
ered from stage 4 of the basic process design. To understand
this phenomenon more fully, one needs to examine the profile
of net reaction rates, and Figure 9b compares the profiles of net
reaction rates for two process configurations: 2/8/5 and
2/8(4)/5. As can be seen, the reaction occurs mainly at the top
of the reactive section in the basic process design, 2/8/5. In
particular, backward reaction occurs on the last three reactive
stages, representing a kind of adverse internal heat integration
between the reactive and stripping sections.

This unfavorable distribution of net reaction rates is appar-
ently caused by the inappropriate determination of MEOH feed
location. More specifically, MEOH feed location has been
raised too many plates from the bottom of the reactive section.
After adjustment of MEOH feed location, the drawback of the
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basic process design has been substantially alleviated. The
reaction now occurs primarily in the middle and at the bottom
of the reactive section and no backward reaction occurs at all
in the process design 2/8(4)/5. Although adverse internal heat
integration occurs on the reactive stages above MEOH feed
location, its negative effect appears to be smaller than the
positive one of internal heat integration below the MEOH feed
location. Table 4 sums up the effect of seeking further internal
heat integration between the reactive and stripping sections. In
comparison with the basic process design (2/8/5), introducing
MEOH feed flow at stage 8 reduces the heat duties of con-
denser and reboiler by 42.08 and 58.10%, respectively. It
should be indicated here that the overall isobutylene conversion
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Figure 9. Reinforcement of internal heat integration for
steady state Il of the MTBE synthesis reactive
distillation column.

(a) Descent of MEOH feed location, (b) profiles of net reac-
tion rates.
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Table 4. Effect of Seeking Further Internal Heat Integration for Steady State II of the Reactive
Distillation System Synthesizing MTBE

Process Condenser Duty Reboiler Duty Evaluations
Example 1T Configurations (MW) (MW) Condenser Reboiler
Basic process design 2/8/5 44.87 32.36 100% 100%
Lowering MEOH feed location four stages from
the top of reactive section 2/8(4)/5 25.99 13.56 57.92% 41.90%

rate decreases to 80.28% in the process design 2/8(4)/5. Al-
though it really influences system performance, its effect ap-
pears to be extremely small compared with the reduction of
energy consumption obtained. Therefore, seeking further inter-
nal heat integration is no doubt the primary reason for the
dramatic improvement in system performance.

Considering Further Internal Heat Integration
within a Reactive Distillation Column Involving a
Highly Endothermic Reaction

Example II1: A hypothetical reactive distillation column

Process Description. The reactive distillation system has
been adapted from Example I with the following modifications:

The hypothetical reversible reaction is now assumed to be an
endothermic one with a heat of reaction:

AHy = 41,840 kJ/kmol

The forward and backward activation energy has been ex-
changed with each other. That is,

E;= 167,360 kJ/kmol
E, = 125,520 kJ/kmol

A three-sectional configuration—7/6/7—is still assigned to
the reactive distillation column and termed again as the basic
process design here. Other operating conditions are assumed to
be the same as those of Example I.

The Effect of Seeking Further Internal Heat Integration.
Because the reaction involved is now an endothermic one, it is
thus reasonable to recover a certain amount of heat at proper
positions in the rectifying section and then supply it to the
reactive section, thereby reducing the irreversibility associated
with the separation operation and lessening the negative factors
of reactive distillation to the endothermic reaction—for in-
stance, the relatively large temperature driving forces from the
bottom reboiler to the reactive section and the frequent neces-
sity of intermediate heat exchangers.*7-48 Figure 10 presents the
effect of seeking further internal heat integration between the
reactive and rectifying sections on the reactive distillation
column. The same total amount of catalyst has been maintained
here, if without further indication. By lowering the upper feed
location from the top of the reactive section, the process again
shows an irregular tendency. When the upper feed location has
been lowered from stage 9 of the basic process design, the heat
duties of condenser and reboiler begin to decrease and simul-
taneously reach their minimum values at stage 11. If the upper
feed location is lowered further, they turn to increase, indicat-
ing, nevertheless, the degradation of system performance. By
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superimposing reactive stages onto the rectifying section, the
reactive distillation column displays a steady improvement in
system performance. With more reactive stages superimposed
onto the rectifying section, the heat duties of condenser and
reboiler decrease monotonically.

Table 5 details a comparison between the basic process
design and those with further internal heat integration between
the reaction and separation operations. The heat duties of
condenser and reboiler are reduced by 11.84 and 7.20%, re-
spectively, when the upper feed flow for reactant B has been
fed onto stage 11. In case four reactive stages have been
superimposed onto the rectifying section, they are reduced by
10.52 and 6.39%, respectively. In terms of the combinatorial
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Figure 10. Strengthening internal heat integration for
the hypothetical reactive distillation column
involving a highly endothermic reaction.

—ll-: superimposition of reactive stages onto rectifying sec-

tion; —O-: descent of the upper feed location from the top of
reactive section.
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Table 5. Effect of Seeking Further Internal Heat Integration for the Hypothetical Reactive Distillation
System Involving a Highly Endothermic Reaction

Process Condenser Duty Reboiler Duty Evaluations
Example IIT Configurations (kW) (kW) Condenser Reboiler

Basic process design with holdup to be 1.0 kmol per stage 71617 777.20 1278.03 100% 100%
Lowering the upper feed location two stages from the top of

reactive section with holdup to be 1.0 kmol per stage 716(2)/7 685.14 1185.97 88.16% 92.80%
Superimposing four reactive stages onto rectifying section

with holdup to be 0.6 kmol per stage 7(4)/6/7 695.40 1196.31 89.48% 93.61%
Combinatorial use of the above methods with holdup to be

0.75 kmol per stage T(2)16(2)/7 672.38 1173.21 86.51% 91.80%
Redistribution of catalyst 7(2)/6(2)/T* 668.79 1169.63 86.05% 91.52%
Combinatorial use of the above methods with holdup to be

1.0 kmol per stage 7(2)/6(2)/7 649.99 1150.84 83.63% 90.05%

use of these two methods [such as in 7(2)/6(2)/7], a further
reduction of energy consumption has been achieved with
13.49% in the condenser and 8.20% in the reboiler. Redistri-
bution of catalyst in the process design 7(2)/6(2)/7* shows the
greatest reduction of energy consumption with 13.95% in the
condenser and 8.48% in the reboiler. If liquid holdups are set
to be 1.0 kmol for all reactive stages, the reduction of energy
consumption can even approach a high value with 16.37% in
the condenser and 9.95% in the reboiler. In Figure 11, the
evolution of profiles of net reaction rates is illustrated. It is
easily observable that a certain amount of heat recovered from
the rectifying section has been used to drive the reaction
operation. Although redistribution of catalyst makes only a
slight adjustment of the amount of heat recovered in the pro-
cess design 7(2)/6(2)/7, it actually facilitates further internal
heat integration between the reaction and separation opera-
tions.

Example IV: A reactive distillation column for
decomposing MTBE into isobutylene and methanol

Process Description. MTBE decomposition (Eq. 10) is
becoming the preferred way of producing isobutylene because
it can easily be integrated into the refinery and petrochemical
sources of isobutylene-containing C4 streams.*>-5! In Figure
12, a basic process design for the MTBE decomposition reac-
tive distillation column is depicted. The process again contains
a three-sectional configuration, 5/6/5, besides a total condenser
at the top and a partial reboiler at the bottom. The pure MTBE
flow is fed into the top of the reactive section because it is the
heaviest boiler of the reacting mixture. Simulation of the
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Figure 11. Profiles of net reaction rates for Example lIl.
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MTBE decomposition reactive distillation column is carried
out using the commercial ChemCad software and the top and
bottom products are kept strictly at their specifications, 94 mol
% (IBUT) and 94 mol % (MEOH), respectively, in the follow-
ing heat integration analysis:

MTBE(C,H;0) <> MEOH(CH,OH)
+IBUT(i—C,Hy)  AHg,e = 37.7 X 10° kI/kmol  (10)

The Effect of Seeking Further Internal Heat Integration.
The effect of seeking further internal heat integration between
the reaction and separation operations is illustrated in Figure
13. With regard to the descent of MTBE feed location from the
top of the reactive section, the process again displays an
inconsistent variation in system performance and the heat du-
ties of condenser and reboiler simultaneously reach their min-
imum values at stage 11. For the superimposition of additional
reactive stages onto the rectifying section, the heat duties of
condenser and reboiler decrease monotonically and it is there-
fore reasonable to allow the reaction to occur at all stages in the
rectifying section. Table 6 tabulates in great detail the effect of
seeking further internal heat integration between the reactive
and rectifying sections. In comparison with the basic process
design 5/6/5, the heat duties of condenser and reboiler have
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Figure 12. Schematic representation of MTBE decom-
position reactive distillation column.
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Figure 13. Strengthening internal heat integration for
MTBE decomposition reactive distillation col-
umn.

—ll-: Superimposition of reactive stages onto rectifying sec-
tion; —O-: descent of MTBE feed location from the top of
reactive section.

been abated by 90.42 and 90.13%, respectively, after lowering
the MTBE feed from stage 7 to stage 11. With the replacement
of all stages in the rectifying section by reactive ones, the heat
duties of condenser and reboiler have been diminished by
94.01 and 93.81%, respectively. The combinatorial use of these
two methods achieves the largest reduction of energy consump-
tion with 94.51% in the condenser and 94.31% in the reboiler.

In Figure 14, the effect of seeking further internal heat
integration is illustrated through comparison of the profiles of
net reaction rates. In the basic process design 5/6/5, forward
reaction occurs excessively on the bottom stage of the reactive
section and leads to backward reactions that occur on the
remaining reactive stages, apparently representing an ineffec-
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Figure 14. Profiles of net reaction rates in the MTBE
decomposition reactive distillation column.

tive combination of the reaction and separation operations. As
can be seen, only after seeking further internal heat integration
has the synergism between the reaction and separation opera-
tions been substantially enhanced.

Considering Further Internal Heat Integration
within a Reactive Distillation Column Involving
Multiple Reactions

Example V: A reactive distillation column for
synthesizing ethylene glycol

Process Description. Ethylene glycol (C,H¢O,) is pro-
duced from the reaction of ethylene oxide (C,H¢O,) and water:
C,H,O(EO) + H,0 — C,H(O,(EG) AH, = —80.0

X 10° kJ/kmol  (11a)

r(mol em™® s7') = 3.15 X 10%exp[ —9547/T]xpoxy,0  (11b)

Ethylene oxide can react further with ethylene glycol to
produce the unwanted by-product diethylene glycol (C,H,,05):

C,H,0(EO) + C,H,0,(EG) — C,H,,05(DEG)

AH, = —13.1 X 10* kJ/kmol (12a)

r(mol cm™? s71) = 6.3 X 10%exp[—9547/T|xpoxeg  (12b)

Table 6. Effect of Seeking Further Internal Heat Integration for the Reactive Distillation System Decomposing MTBE

Process Condenser Duty Reboiler Duty Evaluations
Example IV Configurations (MW) (MW) Condenser Reboiler

Basic process design 5/6/5 132.90 133.30 100% 100%
Lowering MTBE feed location four stages from the

top of reactive section 5/6(4)/5 12.73 13.15 9.58% 9.87%
Superimposing five reactive stages onto rectifying

section 5(5)/6/5 7.96 8.25 5.99% 6.19%
Combinatorial use of the above methods 5(5)/6(4)/5 7.29 7.59 5.49% 5.69%
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Figure 15. Ethylene glycol reactive distillation column.

Both reactions are highly exothermic and occur at moderate
temperatures, allowing production by a reactive distillation
column. Figure 15 shows such a basic process design (0/6/4),
with a total of 12 stages including a total condenser at the top
and a partial reboiler at the bottom. The process has no recti-
fying section and is operated in a total reflux mode. Water and
EO are fed onto the top and bottom of the reactive section,
respectively, and liquid holdups are assumed to be 0.1 m® for
all stages in the reactive section. An ideal vapor—liquid equi-
librium relationship is assumed for the reaction system and the
detailed physiochemical properties are taken from Ciric and
Gu.'? The process is simulated by means of the generalized
steady-state model described in the Appendix.

The Effect of Seeking Further Internal Heat Integration. In
this system, there are two severe constraints that make the
reinforcement of internal heat integration difficult between the
reactive and stripping sections. One is the large relative vola-
tility between the reactants EO and water, which spans a
considerable range from 14.16 to 93.73 along the column. EO
exists mainly in the vapor phase and its liquid composition is
extremely small throughout the column, thereby severely re-
straining the superimposition of reactive stages onto the strip-
ping section. The other is the existence of a side reaction.
Because its reaction rate increases more rapidly with temper-
ature than that of the main reaction, it is anticipated that the
arrangement of these reactions occurring in the stripping sec-
tion will be critically confined as long as a stringent reaction
selectivity has been maintained. In Figure 16, the effect of
seeking further internal heat integration between the reaction
and separation operations is displayed on the basic process
design. In all situations the amount of catalyst has been main-
tained as identical to that in the basic process design here. It is
amazing to see that seeking further internal heat integration can
still yield a significant improvement in system performance.
With the raising of EO feed location from the bottom of the
reactive section, the process again shows an inconsistent vari-
ation and the heat duties of condenser and reboiler simulta-
neously reach their minimum values when EO is fed on stage
5. With the superimposition of additional reactive stages onto
the stripping section, the heat duties of condenser and reboiler
decrease monotonically and it is therefore reasonable to allow
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the reactions to occur at all stages in the stripping section.
Similar arrangements of the reactive section were also reported
by Papalexandri and Pistikopoulos'* and Cardoso et al.'s in
terms of a MINLP optimization formulation.

Table 7 summarizes the effect of seeking further internal
heat integration between the reactive and stripping sections.
Relocation of EO feed at stage 5 leads to a reduction of the
heat duties of condenser and reboiler by 0.75 and 0.81%,
respectively. The change of all stages in the stripping sec-
tion into reactive ones shows a relatively large effect and the
heat duties of condenser and reboiler have been reduced by
6.23 and 6.72%, respectively. The combinatorial use of
these two methods achieves the second largest reduction of
energy consumption with 5.73% in the condenser and 6.18%
in the reboiler because the ascent of EO feed location by one
stage no longer favors internal heat integration in the pro-
cess design 0/6/4(4).

Because the reactions involved are kinetically controlled
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Reboiler duty (MW]

Reactive stages below EO feed location

Figure 16. Strengthening internal heat integration for
the ethylene glycol reactive distillation col-
umn.

—l-: Superimposition of reactive stages onto stripping sec-
tion; —O—: ascent of EO feed location from the bottom of
reactive section.
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Table 7. Effect of Seeking Further Internal Heat Integration for the Reactive Distillation System Synthesizing Ethylene Glycol

Process Condenser Duty Reboiler Duty Evaluations
Example V Configurations (MW) (MW) Condenser Reboiler

Basic process design with holdup to be 0.1 m* per stage 0/6/4 8.03 7.44 100% 100%
Raising EO feed location one stage from the bottom of reactive section

with holdup to be 0.1 m? per stage 0/6(1)/4 7.97 7.38 99.25%  99.19%
Superimposing four reactive stages onto stripping section with holdup to

be 0.06 m® per stage 0/6/4(4) 7.53 6.94 93.77%  93.28%
Combinatorial use of the above methods with holdup to be 0.06 m® per

stage 0/6(1)/4(4) 7.57 6.98 94.27%  93.82%
Redistribution of catalyst 0/6/4(4)* 7.23 6.65 90.04% 89.38%

ones, it is therefore necessary to pursue further internal heat
integration by exploring an appropriate distribution of catalyst
in the reactive section. In Figure 17, the relationship between
the distribution of catalyst and the heat duties of condenser and
reboiler is illustrated for process design 0/6/4(4). It is obvious
that the variation of catalyst distribution can impart a signifi-
cant influence to system performance. When liquid holdups
have been increased in the common zone where the reactive
section overlaps the stripping section, the heat duties of con-
denser and reboiler begin to decrease and reach their minimum
values at the same time when the liquid holdups are set to equal
0.1 m®. When the liquid holdups have been further increased,
they in turn decrease. In Table 7, the effectiveness of catalyst
distribution is also indicated. As can be seen, the redistribution
of catalyst achieves a further reduction of energy consumption
in process design 0/6/4(4)*, with 3.73% in the condenser and
3.90% in the reboiler. The improvement of system performance
definitely evidences the necessity of seeking further internal
heat integration by effective distribution of catalyst in the
reactive section. In Figure 18, the evolution of heat load pro-
files is illustrated. Although only a small proportion of the heat
of reactions is released to the stripping section, it actually plays
an important role in the improvement of system performance.

Discussion

It has been demonstrated that seeking further internal heat
integration can be effective in the refinement of process design
of a reactive distillation column involving either equilibrium-
limited or kinetically controlled reactions. Even for some com-
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Figure 17. Redistributing catalyst within reactive sec-
tion of the ethylene glycol reactive distillation
column.
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plicated reaction systems with side reactions and/or unfavor-
able thermodynamic properties, it is still possible to achieve a
substantial reduction of energy consumption compared with
that achieved by conventional design methods. This finding is
of practical significance and can encourage process designers
to elaborate their process designs by exploring the most effec-
tive combination of the reaction and separation operations. It is
worth mentioning here that seeking further internal heat inte-
gration has led to a simultaneous shrinkage of heat duties in
both condenser and reboiler for all the example systems stud-
ied. This reality confirms that seeking further internal heat
integration helps to intensify the synergistic effect within a
reactive distillation column, which is actually an essential
design objective for all kinds of process intensifications. A
more refined relationship has certainly been developed between
the reaction and separation operations in the resultant process
designs than in the basic ones.

It is noted that a considerable reduction of energy con-
sumption has been achieved after seeking further internal
heat integration between the reaction and separation opera-
tions in Examples II and IV. Such a large improvement in
system performance is supposed to stem from two aspects.
One is, of course, the reinforcement of internal heat inte-
gration between the reaction and separation operations. The
other is the complicated thermodynamic nature of the react-
ing mixtures, which might make the processes sensitive to
changes in process configurations. Although it is difficult to
identify whose effect is dominant for these systems, it is still
reasonable to view the reinforcement of internal heat inte-
gration as the principal reason because it provides an effec-
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Figure 18. Heat load profiles in the ethylene glycol reac-
tive distillation column.
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Table 8. Influences of Product Composition on Internal Heat Integration of Example I

Example I

Condenser Duty

Net Reduction of Energy

Reboiler Duty Consumption (kW)

Product Specification (mole fraction) Process Configurations (kW) (kW) Condenser Reboiler

xc = 0.95 and xp, = 0.95 7/6/7 1323.69 822.86 126.92 126.92
7/6(1)/7(3) 1196.77 695.94

xc = 0.99 and xp, = 0.99 7/6/7 1813.37 1291.45 37.99 38.99
7/6/7(3) 1775.38 1253.46

xc = 0.995 and x, = 0.995 71617 2610.76 2086.21 2.50 2.50
7/6/7(1) 2608.26 2083.71

tive guideline for process innovation. Without the aid of this
guideline, it would be difficult and time-consuming to yield
those process designs obtained in this paper. It should be
stressed here that the complicated thermodynamic nature of
these reacting mixtures appears to present no limitations on
the reinforcement of internal heat integration between the
reaction and separation operations. On the contrary, a much
greater improvement in system performance has been ob-
served than the ideal reaction systems presented in Exam-
ples I, III, and V, probably implying that the consideration
of internal heat integration is even more important for
nonideal reaction systems than for ideal ones.

One may argue that finding an effective combination of the
reaction and separation operations can be tackled for a reactive
distillation column by means of a constrained nonlinear opti-
mization formulation. The answer is “yes”—although this
never means the immateriality of seeking further internal heat
integration between the reaction and separation operations.
Although these two methods work in totally different ways,
they are considered to approach the same thermodynamically
most efficient process design. Therefore, the method proposed
in this work may be viewed as a practical alternative to the
optimization-based approaches. In particular, when a rule of
thumb method is adopted in process design, seeking further
internal heat integration between the reaction and separation
operations can play an important role in appropriately deciding
feed locations, effectively distributing the reactive section
within the reactive distillation column, and approximately find-
ing the optimum distribution of catalyst in the reactive section.
It certainly provides process designers with additional latitude
in process synthesis and design.

It should be pointed out here that the improvement in system
performance caused by a multiple feed arrangement and/or
variable liquid holdups in the reactive section can also be
interpreted with the principle of internal heat integration be-
tween the reaction and separation operations. The arrangement
of multiple feeds and/or variable liquid holdups actually mod-

ifies the inherent thermodynamic characteristics of a reactive
distillation column and can thus be favorable to internal heat
integration between the reaction and separation operations.
Although it is rather difficult to interpret the detailed mecha-
nism of internal heat integration in this kind of process designs
as clearly as in the single- or two-feed configurations, they are
considered to work by the same principle. A potential problem
with this kind of process designs might be the possibility of
high sensitivity to changes in operating conditions, such as the
deactivation of catalyst and the uncertainty of feed flow rates,
which might considerably degrade system performance.
Analogous to the case of conventional distillation columns,
the effect of seeking further internal heat integration depends
heavily on the thermodynamic properties of reacting mixtures
and the detailed operating conditions of reactive distillation
columns. It is likely that internal heat integration might not be
the primary factor that dominates process development. In
process synthesis and design it is therefore necessary to make
a careful judgment whether seeking further internal heat inte-
gration should be considered as a major design guideline. In
Table 8, the influences of product composition are shown on
internal heat integration of Example I. As can be seen, the
advantage of internal heat integration gradually decreases with
the enhancement of product purity. When the composition of
top and bottom products increases to be 99.5 mol %, seeking
further internal heat integration leads only to a reduction of
2.50 kW in the condenser and reboiler. It actually amounts to
about 1.97% of the corresponding value when the composition
of top and bottom products is 95 mol %. In terms of the
resultant process designs, it is not difficult to understand that
the degree of internal heat integration has been substantially
restrained by the enhancement of product composition. In
Table 9, the influences of product composition are shown on
the internal heat integration of Example II. Contrary to the
above circumstance, the advantage of internal heat integration
increases with the enhancement of product purity. When the
composition of top and bottom products increases to be 89.8

Table 9. Influences of Product Composition on Internal Heat Integration of Example II

Example II

Condenser Duty

Net Reduction of Energy
Consumption (MW)

Reboiler Duty

Product Specification (mole fraction) Process Configurations (MW) (MW) Condenser Reboiler
Xnpur = 0.84 and xyrpe = 0.9 2/8/5 44.87 32.36 18.88 18.88
2/8(4)/5 25.99 13.48
Xnpur = 0.898 and xyyppp = 0.992 2/8/5 865.57 853.09 809.59 809.59
2/8(6)/5 55.98 43.50
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and 99.2 mol %, seeking further internal heat integration leads
to a much larger reduction of 809.59 MW in the condenser and
reboiler, representing approximately 42.88 times the corre-
sponding value when the composition of top and bottom prod-
ucts is 84 and 90 mol %. Note again that the process config-
urations for internal heat integration are significantly affected
by the enhancement of product composition. It is probably
attributable to the complicated thermodynamic nature of the
reaction system that makes possible the substantial improve-
ment in system performance.

Conclusions

By seeking further internal heat integration between the
reaction and separation operations, the thermodynamic effi-
ciency can sometimes be substantially improved in addition to
a further reduction of capital investment for a reactive distil-
lation column involving reactions with a highly thermal effect.
The reason lies mainly in the fact that a more synergistic
relationship has been developed between the reaction and sep-
aration operations in the resultant process designs than that in
the basic ones. Appropriately designating feed location in the
reactive section and properly superimposing reactive stages
onto either the rectifying section (in case of endothermic reac-
tions) or the stripping section (in case of exothermic reactions)
can be effective ways for the reinforcement of internal heat
integration within a reactive distillation column. Moreover,
achieving an effective distribution of catalyst in the reactive
section can also work as a potential method for a reactive
distillation column involving kinetically controlled reactions. It
is even effective for a reactive distillation column involving
equilibrium-limited reactions in the event that chemical equi-
librium has not been reached on all reactive stages. The com-
binatorial use of these three methods could provide more
benefits and higher flexibility than each of them, separately,
and is highly recommended in this work. A sequential proce-
dure has been devised to determine an appropriate process
configuration for internal heat integration within a reactive
distillation column. It can guide process designers to work
more effectively than efforts based on conventional design
philosophy during process synthesis and design.

Five reactive distillation systems, including both equilibri-
um-limited and kinetically controlled reactions, are studied in
this work. Although the effectiveness of seeking further inter-
nal heat integration between the reaction and separation oper-
ations appears to be closely dependent on the thermodynamic
properties of reacting mixtures and the operating conditions of
reactive distillation columns, it is still possible to attain a
substantial improvement in system performance, even under
some extremely severe circumstances, demonstrating the high
applicability and effectiveness to the design of reactive distil-
lation columns. This outcome is of practical significance and
could present a substantial influence on the design of various
reactive distillation processes involving reactions with a highly
thermal effect.
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Notation

A = reactive component

= vapor pressure constant, Pa
bottom product flow rate, kmol s~
reactive component

vapor pressure constant, Pa-K
product component
distillate flow rate, kmol s~
product component
activation energy of a reaction, kJ kmol "
energy consumption, kJ s

feed flow rate of reactants, kmol s~
stage holdup, kmol

heat of vaporization, kJ kmol !
heat of reaction, kJ kmol !

specific reaction rate, kmol s~ ' kmol '
equilibrium constant
liquid flow rate, kmol s~
number of stages
pressure, Pa

reaction rate, kmol s~
ideal gas law constant, kJ kmol ' K™*
temperature, K
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Greek letters

a = preexponential factor
& = Kronecker function
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error tolerance
= stoichiometric coefficients of a reaction

Superscripts

s = saturation
sp = specified product composition

Subscripts
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backward reaction
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forward reaction
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stage index
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reactive section
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vapor pressure
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Appendix: Steady-State Simulation of Reactive
Distillation Columns

In terms of the principle of mass and energy balance in

conjunction with the vapor-liquid equilibrium relationship,
a generalized steady-state model has been developed and
frequently used in the simulation of some reactive distilla-
tion columns studied in this work. The steady-state model is
solved using the Newton—Raphson method. As shown in
Eqgs. Al and A2, two strict constraints have been imposed on
the top and the bottom products within the steady-state
model, which can, in most cases, guarantee a fair basis for
the comparative studies of system performance between
different process designs with and without further internal
heat integration between the reaction and separation opera-
tions. Satisfaction of the component mass balance equations
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(Eq. A3) and attainment of the product specifications (Egs. |Xpe — X8| < & (A2)
Al and A2) have been taken to constitute the convergence
criterion. The steady-state model appears to be quite robust
and can approach a solution fairly quickly even for some |Limiijot + Vieijer = Lixi; = Vi,

highly nonideal reaction systems: + Fzidmtrl=e (A3)

P
|-xd X4 =e (Al) Manuscript received Apr. 5, 2005, and revision received Mar. 20, 2006.
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