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Abstract

The hardware design of reactive distillation (RD) columns pose severe challenges with respect to the choice and design of the hardware;
the requirements of reaction (i.e. high liquid or catalyst holdup) is not in consonance with the requirement of separation (high interfacial
area). In this paper, we examine an alternative to the RD concept, namely a distillation column networked with a number of side (external)
reactors. If each distillation stage is linked to a side reactor, the performance of the RD column is matched exactly. From a practical point
of view, it is desirable to reduce the number of side reactors to below, say, six. The precise location of the chosen number of side reactors
and the manner in which the liquid draw-offs and reactor effluent re-entry to the distillation column needs to be chosen carefully. We have
developed an algorithm to determine an optimum configuration of the side-reactor concept in order to maximise conversion. For the case study
of methyl acetate production, we see that it is possible to match the conversion level of an RD column by appropriate choice of the number
of side reactors and the pump around ratio. The higher the conversion target the larger the number of side reactors and pump around ratios.
For modest conversion levels, sa®0%, even a 3-side-reactor configuration will be able to match the performance of the RD column. The
study presented here reveals the potential, and limitations, of the side-reactor concept for use as an alternative to RD technology.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Reactive distillation; Equilibrium stage model; Methyl acetate; Column hardware; Hydrodynamics; Mass transfer; Flooding; Side-reactors;
Pump-arounds

1. Introduction catalyst holdup. The requirements of high liquid or catalyst
holdup in an RD column are not in consonance with the
Reactive distillation (RD) is enjoying a lot of attention requirement of good in situ separation, for which we need
from industry and academia because of the many advantageso maximise the interfacial area between vapour and liquid.
over the conventional reaction followed-by separation con- All available hardware configurations (tray or packed RD
cept[1-4]. The successful commercialisation of RD tech- columns) represent a compromise between the conflicting
nology requires special attention to hardware design thatrequirements of reaction and separatidp].
does not correspond to those for conventional (non-reactive) There is another issue that mitigates the idea of carrying
distillation. In most RD applications the Hatta number is out the reaction within a distillation column; this relates
less than unity5] and therefore, there is no enhancement of to catalyst deactivation. The traditional way to compensate
mass transfer due to chemical reaction. In order to maXimiSGfor the Cata|yst deactivation, i.e. addmg excess Cata|yst or

productivity in a homogeneously catalysed RD column, we increasing the reaction temperature, is seldom feasible in
need to maximise the liquid holdup. In a heterogeneously RD applications.
catalysed RD column, we similarly need to maximise the One way to overcome the above mentioned hardware
problems with RD columns, while maintaining the bene-
Abbreviations: HOAc, acetic acid; MeOAc, methylacetate; MeOH,  fits of in situ separation with reaction, is to employ the
methanol ' side-reactor or external reactor concfp¥]; seeFig. 1 In
. igrlrezsé";;‘é”;% g:‘hm- Tek:31-20-525-7007; the side-reactor concept the reactor feed is withdrawn from
ax: -2U- - . . . .
E-mail addresses: richard@science.uva.nl (R. Baur), the distillation column and the reactor effluent is returned
krishna@science.uva.nl (R. Krishna). back_ to the same column. The side reactor co_uld l_:)e a con-
1 Co-corresponding author. Tek:31-20-525-5265. ventional catalytic-packed bed reactor operating in liquid
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Fig. 1. Schematic diagram of side-reactor configurations.

phase and therefore, there are no hardware design problemdriving force for mass transfer to decrease or energy losses
or conflicting requirements with regard in respect of in situ to increase.
separation. Furthermore, the reaction conditions within the Co- and counter-current reactive pump around configu-
side reactor (e.g. temperature) can be adjusted independentlyations have two limiting cases shownHhig. 1(c) and (d)
of those prevailing in the distillation column by appropriate respectively. The product stream of side reactor might be
heat exchange. fed to the downcomer at the same stage (Sige 1(d). In

In principle, we can distinguish four configurations for this case, same limitations apply as already mentioned for a
linking the side reactors to the distillation column; these counter-current configuration. Of practical importance is the
are shown inFig. 1(a)—(d) The pump around can be lo- case where the stream leaving a stage is completely re-routed
cated in such a way that liquid bypasses intermediate stageshrough a reactor before it is fed back to the stage below (see
(seeFig. 1(a). The liquid is withdrawn from stagg and Fig. 1(c). We call this configuration a reactor-separation
possibly mixed with an additional feed stream before it is unit. Since no stages are bypassed, the entire liquid stream
pumped to a side reactor. The stream leaving the side reactofeaving the stage will be pumped through the reactor. If the
is fed back to the column at stage The amount of liquid catalyst load is small enough to be placed in the downcomer
pumped-around,rpa, can either be specified by an absolute an external reactor is not requirgs].
molar flow rate or by a ratid®, with regard to the molar flow In order to meet the process requirements of conversion,
entering the stage beloWw;. In this case the reactor through- more than one side reactor may be required. Clearly, the de-
put is limited to a maximum fraction of the internal flows termination of the optimum number of side reactors, along
in the distillation column. Increasing the pump around flow with the liquid draw-off and feed-back points to the distil-
rate above that limit would dry out the intermediate stages in lation column need careful attention and consideration. The
the column, and significantly decrease the separation perfor-first major objective is to compare the performance of the

mance. We call this configuratiao-current reactive pump side-reactor concept with a conventional RD column with
around. Fig. 1(b)shows an alternative configuration where regard to the liquid, or catalyst holdup. The second major
the side-reactor flows amunter-current to the internal lig- objective of the present communication is to develop an al-

uid stream in the distillation column. The throughput in the gorithm to determine an optimum way to connect a given
reactor can exceed the original internal flows in the distil- number of side reactors to a distillation column in order to
lation column, but also might raise the danger of flooding maximise the conversion. We demonstrate our algorithm by
on intermediate stages and demands additional energy inputconsidering the case study for production of methyl acetate.
Both configurations, (a) and (b), cause a change of internal In the modelling to be presented below, the reactor it-
flow rate, which affects the operation line. This can cause the self is modelled by a series of single phase CSTR reac-
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tors, where the catalyst load and heat duty is evenly dis- this single column, high-purity methyl acetate is made with
tributed. By choosing a sufficient number of CSTR reac- no additional purification steps and with no unconverted
tors in series, saWcstr = 10, the reactor represents an reactant streams to be recovered. By flashing off the methyl
ideal plug flow reactor. The model also allows operating acetate from the reaction mixture, conversion is increased
the reactor adiabatically, isothermally, or with external heat without using excess of one of the reactants. The reactive
supply. column has stoichiometrically balanced feeds and is de-
signed so that the lighter reactant MeOH is fed at the bottom
section and the heavier acetic acid is fed at the top. The
2. Case study of methyl acetate synthesis column consists of three sections. The reaction takes place
predominantly in the middle section. The bottom section,
Consider the production of methyl acetate (MeOAc) serves to strip off the MeOH from water and return it to the
by the acid-catalysed esterification reaction of acetic acid reaction zone. The vapours leaving the reactive section con-
(AcOH) with methanol (MeOH). This reaction is made sists of the MeOAc—MeOH azeotrope which is “broken” in
difficult by a variety of factors: (a) reaction equilibrium lim-  the rectifying section by addition of AcOH which acts as
itations, (b) difficulty of separating AcOH and,® and (c) entrainer.
presence of MeOAc—+0 and MeOAc—MeOH azeotropes. The starting point for our studies is the conceptual de-
Conventional processes use one or more liquid-phase reacsign of the RD column discussed in detail by Doherty and
tors with large excess of one reactant in order to achieve Malone[1]. The column operates at a pressure of 0.1 MPa.
high conversions of the other. In the conventional pro- We employed a partial reboiler and a total condenser. The
cess the reaction section is followed by eight distillation non-reactive section contains 10 theoretical stages and 33
columns, one liquid—liquid extractor and a decanter. This catalytically active theoretical stages in the reactive sec-
process requires a large capital investment, high energytion. The reactants methanol and acetic acid are fed stoi-
costs and a large inventory of solvents. In the RD process chiometrically with a feed flow rate of 280 kmol/h on the
for methyl acetate, invented by Eastman Chemical Com- Stages 5 and 40 (ségg. 2(a). A pseudo-homogenous rate
pany[1,8], the process is carried out in a single column. In model adopted from Doherty and Maloflg describes the

(a) RD column (b) Distillation column
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reactive pump arounds
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Fig. 2. Comparison of HOAc conversion between a reactive distillation column and a column designed by means of a reactor—separation concept when

the reflux ratio is varied. The overall catalyst load is 99im both cases.
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reaction. The rate expression is given by:

eq

1
r = ¢k (aHOAc AMeOH — 70 AMeOAG
with the forward reaction rate constant:

tions of the conversion in the RD column (Fig. 2(a)) and
the 33-side-reactor configuration (Fig. 2(b)) using the EQ
(1) stage model [3,9] are shown in Fig. 2(c) for varying re-

flux ratios. The results are in reasonably good agreement
with the experimental results of Besdling et a. [10]. As
_62877 can be seen from the Fig. 2, the separation—eaction unit
ki (s71) = 2.7033x 10° (—) (2 concept is equivalent to an RD column. In cases where
T the catalyst load is small, the catalyst can be placed in
and the equilibrium constant: the downcomer and so functions as a reactor [9]. If the
Keq=2.32 exp<@> 3)

space in the downcomer were not sufficient, one would have
to connect 33 reactors to the column. This is practicaly

not a desirable design and would result in high investment
The liquid phase activity coefficients are very well rep- costs. Therefore, our objective is to reduce the number of
resented with Wilson parameters, reported by Doherty and reactors and find configurations with high selectivity and
Malone[1] who also give the vapour pressure data. We did conversion.
not consider the formation of the side product dimethyl ether
and water from methanol. Furthermore, the side reaction

has a minor impact on the column performance at atmo- 3. Search algorithm for locating reactive
spheric pressurfl]. A macro-reticular ion-exchange resin  pump arounds

such as Amberlyst 15W is used as a catalyst. The catalyst

is introduced at the top of the reactive section. Further, we

In order to locate and determine the side reactors, we de-
assumed that the volumetric liquid holdup on a theoretical Veloped an algorithm based on a simple one-dimensional
stage is 3. We first consider a distillation column with
33 stage-to-stage reactive pump-arounds;Fsge2(b) The

search; see Fig. 3. Considering the fact that catalyst load,

heat duty, flow rate and locations of the pump arounds are
33 reactors corresponds to 3roatalyst load on each re-

bottom product flow rate is fixed at 280 kmol/h, whereas Unknown parameters, it is advisable to reduce the complex-
the reflux ratio is varied. The catalyst load in each of the ity of the problem in the first step. Therefore, we assume

that the side reactor operates adiabatically and at chemical
active stage in the reactive distillation column. Calcula- equilibrium. We also fix the operating conditions for the

A 4
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Fig. 3. Simplified diagram of the search agorithm used to determine side-reactor configurations.
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digtillation column. Once the algorithm has placed the side
reactors, we will check whether the column performance is
satisfactory. If thisis the case, we accept the configuration.
If not, it is advisable to restart the search with a modified
operation point.

The search algorithm has to fix the location and through-
put of Nrpa reactive pump arounds. Hence, we have to de-
termine Nrpa continuous parameters for the pump around
throughputs and 2Ngrpa discrete parameters for the in- and
outlet locations of the side reactors. The pump around ratio
with regard to the liquid flow leaving the stage above deter-
mines the throughput of a side reactor. Simulations showed
that evaluating a configuration with slightly different pump
around locations might already be hard to converge due to
significant changes of internal composition and flow pro-
files. In particular, this is true if the pump around ratio
exceed unity. Therefore, we decided to employ a line, i.e.
one-dimensional, search algorithm with a limiting step size
of moving an in- or outlet of a side reactor by only asingle
stage up or down. The search direction for the discrete line
search agorithm is determined by the steepest conversion
increase when the locations of single side reactors are var-
ied. This implies that the Nrpa reactive pump arounds are
decoupled. Hence, in order to limit computational costs not
all-possible search directions are considered. We follow the
search direction until a continuing decrease of conversion
is detected for a consecutive number of iterations. This is
donein order to pass small local maxima caused by small lo-
cal variation in conversion when following the search direc-
tion. The local maxima along the search path are recursively
evaluated. Finally, the algorithm terminates if no search di-
rection is found in which conversion increases by locally
relocating a single reactive pump around. It should also be
clear that with the line search algorithm for location of the
side reactors, the optimum solution could be one of the four
types shown in Fig. 1.

Each time a new configuration is evaluated, an inner
optimisation using a conjugate gradient approach calcu-
lates the optimal throughput. In most cases, increasing
throughput, i.e. increasing pump around ratios, resultsin an
increase of conversion. Since our objective function is
restricted to the overall conversion, it is useful to intro-
duce a limiting value, Ryax, for the pump around ratio. In
case of a reactor—separation unit (Fig. 1(b)), the limiting
value is dways set to Rmax = 15, which corresponds to a
throughput of over 90% of the flow leaving the stage under
consideration.

The agorithm described above is straightforward and
pragmatic. Several simulations under equal conditions
but with different initial configurations resulted in similar
and comparable final configurations. Although the ago-
rithm does not necessarily detect local optima, it provides
useful information about promising configurations that
serve for further investigation. The resulting configurations
also give a good starting point for detailed configuration
refinements.

4. Side-reactor configurations

On the basis of the information in Fig. 2(c), we choose a
reflux ratio of two in the optimisation studies for side reac-
tors. In order to study theinfluence of the throughput through
each side reactor we varied the limits of Rmnax, for co- and
counter-current reactive pump arounds, whereas for a reac-
tor separation unit, Ryax is always chosen to be 15. We de-
termined optimal configurations for columns with 1-6 side
reactors. For every choice of the number of side reactors, we
consider the choice of the pump around ratio Rynax = 0.1,
1-3, 5 and 10. Fig. 4 shows a selection of column configu-
rations obtained with two, three and five side reactors. Typ-
ical production rate and MeOAc composition profiles are
depicted in Fig. 5.

A careful examination of al our simulation results re-
veals some common observations with regard to the pro-
posed side-reactor configurations:

e High reactor throughput due to high pump around ratios
and counter-current configurations are beneficial for con-
version.

Counter-current operating reactive pump around causes
an increase of the internal liquid flows and therefore, re-
sults in larger reactor throughput. Further, the inner op-
timisation loop for the pump around ratio almost always
hits its maximum limit Ryax in order to provide a large
throughput. Major drawback of high pump around ratios
and counter-current operation is the high energy demand.

e When pump around ratios are restricted to comparable
low pump around ratios, a reactor—separation unit gets
attractive. However, bypassing stages, i.e. co-current re-
active pump around configurations, were not found to be
beneficial in the present case study.

Co-current reactive pump around were not found to be
beneficial since (a) the reactor throughput of a co-current
reactive pump around is limited to a fraction of the inter-
nal flows, and (b) low internal flow rates on the interme-
diate stages cause a decrease in separation. In case of a
reactor separation unit the throughput is nearly equa to
the liquid flow leaving the column and no stages are by-
passed. It turned out that for low pump around ratio such a
configuration could be superior to a counter-current con-
figuration.

e Recycle flows caused by counter-current side reactor
configurations significantly influence the thermodynamic
driving forces on intermediate stages. As a consequence
it is preferable to reduce the number of intermediate
stages when the recycle flow rates are large.

Mixing effects of the reactor flow and the internal
column flow have a significant impact on the separation
capabilities of intermediate stage in a counter-current
side reactor configuration. Therefore, the thermodynamic
driving forces for mass transfer and the reactor inlet com-
position of the side reactor, i.e. the chemical driving force
in the side reactor, are affected. For the limiting case of
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very high pump around ratios the concentration gradient
between the inlet and outlet of the side reactor nearly
vanishes. Hence, assuming the side reactor to operate
at chemica equilibrium, al liquid compositions on the
intermediate stages are forced close to chemical equilib-
rium. This is not advantageous for separation and so the
number of intermediate stages is obviously minimised,
for very high pump around ratios the recycle could even
involve only a single stage. Figs. 4 and 5 also indicates
that with increasing recycle, i.e. increasing pump around
ratios Rmax, fewer intermediate stages are preferred.
e Largerecycleflows cause small chemical driving forcesin
the side reactors. Thiswill result in high catalyst demand.
The chemica driving force of the side reactor also
vanishes with fading composition gradient between the
reactors in and outlet. This effect, however, is com-
pensated by a large throughput that maintains high
conversion. In practice such configurations with small
chemical driving forces will, however, require large cat-
alyst loads.

Fig. 6 summarises the performance of al configurations
with regard to conversion versus pump around ratio. There-
flux ratio is two and the bottom flow rate is 280 kmol/h. As
expected, additional side reactors and high reactor through-
put lead to improved performance. The limiting cases for
small pump-around ratios are column configurations with
solely reactor—separation units. It is an economical trade off
between configurations with larger recycle flows and, in re-
turn, with fewer side reactors or with lower throughput but
more side reactors. The first choice calls for high catalyst
loads and energy costs, whereas latter one results in higher
investment costs.

config. solely with
¢ reactor-separation units

100 RD column

90

—(O— 1 side reactor
—W/— 2 side reactors
O  3side reactors
—{ 1 4 side reactors
—A\— 5 side reactors
—4)— 6 side reactors

I T T S T |
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HOAC conversion / [%)]
o]
o

pump-around ratio / [-]

Fig. 6. Diagram summarising HOAc conversion for the configurations
with 2-6 side reactors. The reflux ratio is two and the bottom flow rate
280kmoal/h.

5. Operation considerations

Fig. 7 showsthe homotopy diagram of MeOA ¢ conversion
with respect to reflux ratio and bottom flow rate for columns
with three and five side reactors. Also shown in Fig. 7 is
the performance of the RD column. Except for configura-
tion consisting solely of reactor—separation units, the chosen
operation points for columns with side reactors are satisfac-
tory. Furthermore, we observe a qualitative match with the
behaviour of a comparable RD column. This indicates that
in case of the present study the design guidelines for reac-
tive distillation appear to be valuable tools when designing
a column with side reactors.

e In order to increase the throughputs of reactor—separation
units, it is beneficial to operate with higher internal flow
rates. Hence, it can be favourable to increase reboil-ratio,
heat duty or reflux ratio.

Fig. 7 shows that configurations with solely reactor—sepa-
ration units require higher reflux ratios for maximum con-
version. Increasing the reflux ratio results in an increase of
theinternal flow rates and so leadsto larger reactor through-
puts. This is beneficial for conversion. For three reactor—
Separation units, we can observe that the configuration is
even superior to a combination of counter-current reactive
pump-arounds and reaction—separation units; see Fig. 7(a).
Increasing the internal flow rate, however, has the drawback
of larger column diameters and higher energy costs. Hence,
it might be more economical to operate a column with
counter-current side reactors at higher pump around ratios
and so partially higher liquid but smaller vapour flow rates.

Previously we had stated that side-reactor configurations
gualitatively match an RD column. This is not true in all
cases. Particularly, a mismatch can be expected if the RD
column exhibits multiple steady states. Doherty and Mal-
one [1] also reported the existence of multiple steady states
for the MeOAc production. Subsequently, we illustrate
that the steady state topology significantly depends on the
side-reactor configurations. Therefore, we computed HOAc
conversion of a column with two and five side reactors for a
wider range of operation points, i.e. for reflux ratios up to 10
and bottom flow rate varying from 260 to 300kmol/h. The
column configurations correspond to the ones in Fig. 4 and
were designed for a reflux ratio of two and a bottom flow
rate of 280kmol/h. As can be seen, multiple steady states
are not found in the vicinity of the design operation point
(seedso Fig. 7). Above areflux ratio of two, the RD column
exhibits only a narrow region with three steady states. In
case of columns with side reactors, we observe much wider
regions with three or five multiple steady states; see hatched
areasin Fig. 8. In some cases we even were able to identify
very narrow regions with seven steady states. The compli-
cated steady state topology for side-reactor configurations
might be attributed to the feedback effects. However, further
investigations, which are beyond the scope of our study, are
needed to identify the exact causes and mechanisms.
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One should keep in mind that the steady state topology
differs for each configuration and can be significantly more
complex thanthe onefor an RD column. Thiswill also reflect
on the dynamic behaviour and might require a sophisticated
control design. Furthermore, when designing a side-reactor
configuration, it is important to be aware of multiple steady
states (if existent). Otherwise there will be the danger that
the objective function of an optimisation or search agorithm
is misleading.

6. Side-reactor feed

Fig. 9(a) shows configurations for columns with two side
reactors where MeOH is directly fed to one of the side re-
actors. Comparing the conversion levels in Fig. 9(a) with
the ones feeding MeOH directly to the column (Fig. 4)
shows that conversion levels are similar. For low conversion

levelsat low pump around ratios, we observe adlightly better
performance for configurations with side-reactor feeds (e.g.
approximately +2% for Rmax = 1). For high pump around
ratios, the difference in conversion is vanishingly small (e.g.
approximately +0.3% for Rmax = 10). This indicates that
feeding pure MeOH directly to a side reactor is only ben-
eficial as long as the chemical driving force in the reactor
gets raised. For large recycle flow this is not the case. Dis-
tributing the MeOH feed might also be favourable with re-
gard to hardware design, since a feed to the column could
be replaced.

Furthermore, we tried to increase conversion by moving
the feed from the column to the side reactors. Since the
HOACc feed is aso used for extractive distillation in the rec-
tifying section, we were not able to detect arelevant increase
in conversion when feeding part of HOAc directly to aside
reactor. Furthermore, most of our attempts resulted in lower
conversion.
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2

43 stages

(a) C=8070% C=8477% C=89.41% C=9433%

10 stages

C=8538% C=89.90%
@ reactor-separation unit < MeOH feed
(b) a=» counter-current reactive pump +» HOAc feed

Fig. 9. Column configurations with two side reactors for (a) 43 and (b) 10 stages. MeOH is fed to one of the side reactors.
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Fig. 10. Diagram HOAc conversion with respect to the number of stages.
The reflux ratio is two and the bottom flow rate 280 kmol/h.

7. Number of stagesin the distillation column

A magjor incentive for the side-reactor concept is to avoid
in situ catalyst-loading limitations. In contrast to a column
with side reactors, the catalyst load of an RD column is di-
rectly linked to the number of stages. In order to illustrate
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this, we determined column configurations for various num-
bers of stages. For column configurations with two side reac-
tors, we fed MeOH directly to one of the reactors. Fig. 9(a)
and (b) shows typical configurations obtained for 10 and 43
stages. The RD column did not contain inert stages and its
MeOH feed location was optimised in order to obtain high
conversion. The HOAc feed was fixed at Stage 5 for all con-
figurations.

Fig. 10 shows the attainable conversion for several col-
umn configurations when the number of stages is varied.
As expected, reducing the number of stages yields a drop
in conversion for RD and side-reactor configurations. In
case of RD, this decline is much more pronounced for
configurations with finite catalyst mass than for configura-
tions with infinite catalyst mass. The reason for thisis that
reducing the number of stages not only results in poorer
separation, but also in a narrower reaction zone. Hence,
the overall catalyst load is implicitly reduced too. This ef-
fect does not apply to the side-reactor concept. The overall
catalyst mass located in the side reactors remains con-
stant albeit the number of stages in the column. Therefore,
Fig. 10 reveals for side-reactor configurations that conver-
sion equivalently declines. Hence, the drop in conversion
can be attributed to lower separation ability when stages are
removed.
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Fig. 11. Diagram of HOAc conversion with respect to the overall catalyst demand. The grey shaded area denote cases for which a side-reactor configuration
would result in higher conversion with equal amount of catalyst. The configuration labels correspond to the ones in Fig. 4.
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8. Catalyst demand

Fig. 11 shows the dependence of catalyst load on con-
version. The grey shaded area denotes case for which a
side-reactor configuration would yield higher conversion
than areactive distillation column with a catalyst load evenly
distributed on each stage. The lines denote the side-reactor
configurations as presented and denoted in Fig. 4. When pre-
viously designing the configurations, we assumed chemical
equilibrium for the side reactors in order to determine the
catalyst load. We modelled the side reactor as a plug flow
reactor. For better comparison we also expressed the cata-
lyst load of aside reactor in terms of liquid volume and used
the same kinetics as in case of reactive distillation design.
The initial catalyst load and distribution was estimated by
minimising the catalyst load required in order to match at
least 99.9% of reactor conversion at chemical equilibrium.

For the MeOAcC process, if the target conversion is say
90%, even a 3-side-reactor configuration demands a lower
catalyst load than an RD column. From the results presented
inFig. 11, we seethat increasing the number of side reactors
and the pump around ratio, we can match the catalyst de-
mand of the RD column for any specified conversion level.

Fig. 11 shows the drop in conversion when the catalyst
load in each reactor is proportionately reduced. For small
catalyst loads, the side reactor concept appearsto be superior
to a reactive distillation column. This is caused by the ad-
vantage of using a plug flow side reactor. On the other hand
the side-reactor concept is not attractive if high purity and
conversion specification have to be met. Note, in the present
case study, purity and conversion are linked since the two
products are recovered at the top and bottom of the column,
what makes it particularly attractive for reactive distillation.
Furthermore, when comparing the catalyst demand of the
side-reactor configurations with high and low pump around
ratios, we notice that high recycle flows are not economical.
As mentioned before, high recycle flow rates require high
energy demand as well as low driving forces; conseguently
onerequiressignificantly more catalyst load in order to reach
close to chemical equilibrium (see Fig. 11).

9. Concluding remarks

In this paper, we have developed an agorithm to deter-
mine an optimum configuration of the side-reactor concept in
order to maximise conversion. For the case study of MeOAc
production, we seethat it is possible to match the conversion
level of an RD column by appropriate choice of the num-
ber of side reactors and the pump around ratio. The higher
the conversion target the larger the number of side reactors
and pump around ratios. For modest conversion levels, say

<90%, even a 3-side-reactor configuration will be able to
match the performance of an RD column.

The study presented here reveals the potential, and limi-
tations, of the side-reactor concept for use as an aternative
to RD technology.
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Appendix A. Nomenclature

a; activity of component i

o total molar concentration in liquid (mol/m3)
ke forward reaction rate constant (s~1)

Keq  equilibrium constant, dimensionless

L liquid molar flow rate (mol/s)

Nrpa  number of reactive side reactors
Rmax  limit for the pump around ratio
T temperature (K)

Vea  volumetric liquid holdup (mq)
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