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* Insights into reactive distillation (RD) design aedhno-economic applicability
e Conceptual process design and preliminary econaanking of RD processes
* Influence of feed locations on the performanceeaftive distillation systems

» Effect of boiling point order on the applicability RD to quaternary systems

Abstract

Reactive distillation (RD) offers major benefithuas costs reduction and energy saving, but
the understanding and design of RD processes ystdathand complex tasks that include
extensive studies and rigorous simulations. To cedhis complexity and the time required,
this study applies a novel mapping method to guicgtovide insights into the RD
applicability to reversible quaternary systems (AB+ C + D). Generic cases are used to
produce applicability graphs (i.e. plots of reflte¢io vs number of theoretical stages) and
multiple RD column configurations. The systems assumed to have ideal properties and
fixed key parameters (i.e. relative volatilitiesdazhemical equilibrium constants). This study
focuses on quaternary reactions considering diffetgoiling point rankings and feed
locations. Using the mapping method, quick resaitesachievable regarding the preliminary
economic ranking of RD processes, and the optireatl flocations with reduced energy
requirement (i.e. lower reflux ratio). Ultimatelythis study provides a much better
understanding of the effect of boiling point ordarsl feed locations on the RD applicability

and conceptual design, being a valuable tool ity éachno-economic evaluations.



© 00 N OO O A W N P

W W W W W N N N DN N DN DN DNMNMDNDMDN P PP PP PP PP PR
A WO NP O O 0O NO 00 D WO NP O O 00N O O D W N O

Effect of boiling point rankings and feed locations on the applicability of reactive distillation to quaternary systems

1. Introduction

Reactive distillation (RD) is a process intensifica technique that allows simultaneous
separation to take place when chemical reactiomrecdRD gives benefits to equilibrium-
limited reactions by pulling the chemical equiliom towards complete conversion and
allowing high selectivity (e.g. avoiding potent@nsecutive reactions) due to the continuous
removal of products from the RD column (Baur et 2000). Among others, RD offers great
advantages in costs reduction by simplifying compeocesses and integrating the reaction
and separation functions into a single unit witthueed requirements (Kiss, 2018). The use of
exothermic heat of reaction to drive the liquid @apation reduces the energy requirement
(Kaur and Sangal, 2017). There are also healtletysafnd environmental improvements
mainly because of less emissions from plants, |dexzls of reactive hold-up and decreased
risks of runaway reactions (Taylor and Krishna, 20®hah et al., 2012).

The commercialization of reactive distillation hegpanded for over 30 years (Stankiewicz,
2003). The most well-known RD process is in thehyledicetate production via esterification,
which has been established since 1984 by EastmaalkGompany (Agreda et al., 1990).
The syntheses of ethers, i.e. methyl tert-butygetathyl tert-butyl ether and tert-amyl methyl
ether, are other remarkable examples where RD témtp is applied (Sharma and Mahajani,
2002). Furthermore, the implementation of RD isyvappealing to other reactions involving
reversible quaternary systems (A +E + D) and ternary systems (A +<BC and A= B +

C). Some examples include the hydration of cyclenexto obtain cyclohexanol (Chen et al.,
2014), dehydration of glycerol to acetol (Chiu &t 2006), isoamyl acetate production via
esterification of isoamyl alcohol and acetic adgbfizalez et al., 2017) and diethyl carbonate
synthesis via trans-esterification of propylenéboaate and ethanol (Wang et al., 2014).
Studies related to RD technology provide varioushos to design and control the column
operation, specify and modify its physical struetuand/or evaluate the economic aspect. For
example, a set of equations can be used to cadhiatminimum reflux ratio (RR.) for both
single- and double-feeds RD columns (Barbosa anldefp, 1988a; Barbosa and Doherty,
1988b). The location of reactive zone in binaryctiees can be visualized by using the
McCabe-Thiele and Ponchon Savarit methods (Led.e2@00). Other studies determined
heuristic approaches, by considering basic knovdeadgl industrial experience, to specify the
operating conditions and the physical aspects of(Rllbawalla and Fair, 1999). Other RD
design methods have been also reported in literdBwzad and Doherty, 1994; Ciric and Gu,
1994; Almeida-Rivera et al., 2004; Groemping et 2004; Thery et al., 2005; Jantharasuk et

al., 2011). However, in contrast to much informatavailable, the complexity of designing
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and understanding RD processes remained a stromgerbthat has hindered the rapid
commercialization of RD for over 15 years (Cheralet 2000; Malone and Doherty, 2000;
Harmsen, 2007; Segovia-Hernandez et al., 2015t &i.e2016). In other words, simplicity is
strongly needed in the assessment of RD desigarlgtstages of industrial R&D.

The present study aims to provide insights intogR@cesses by using a mapping method that
was initially developed to quickly assess the ayatlility of RD based on pre-defined maps
(i.e. applicability graphs) obtained from generases (Muthia et al., 2018). In that initial
work, we validated the approach using two caseiesude. hydrolysis of methyl lactate and
transesterification of methyl benzoate and benzgblwl, and showed that one can
successfully use the generic cases to predict piphicability of RD to real systems. The
following assumptions for the generic cases ardiegin this study: ideal thermodynamics
(neither azeotropes nor liquid split); fixed valudkey parameters, i.e. relative volatility) (
and chemical equilibrium constant J§ and vapor-liquid and chemical equilibria on each
stage. The key feature of the mapping method isaBplicability graphs produced from the
generic cases, which are the plots of reflux réRR) vs number of theoretical stages (NTS).
This study focuses on quaternary systems, as tigetha most encountered reactions for the
operation of RD in chemical industry. Beyond thegs of this paper, the mapping method is
promising for applications to ternary systems, huther studies are required to further
develop the method for those systems. The apmitatf RD to quaternary systems
investigated in this study considers different ingilpoint (T,) rankings and feed locations.
Insights into the RD applicability related to ecamos and conceptual design are provided
early on. This is in contrast to the conventionalyywvhere knowledge about these aspects
usually requires rigorous simulations and/or dethitalculations and at such level that
understanding can be obtained only at the finaestaf conceptual design studies (Seider et
al., 2003; Towler and Sinnott, 2012). Firstly, theapping method is used to obtain a
preliminary economic ranking, thus providing an mwe@w on the most beneficial RD
configurations in chemical processes. Secondlyntapping method is used to investigate the
possibilities of reducing the energy requiremerd. (operating RD with lower reflux ratios)
by finding the optimal feed locations. A recentiesv revealed that extensive studies about
the design of RD are available in literature, hare is still a lack of understanding in terms
of process optimization (Segovia-Hernandez ekéatls).

Prior studies investigating the effect of volaidg on the RD performance are available in
literature with different focuses and approachasyben and Yu (2008) ranked quaternary

reactions with various boiling point orders by usidetailed economic calculations but
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considering only a fixed equilibrium constant. mst work, we use a range of chemical
equilibrium constants and rank the quaternary reastwith a simpler approach, based on
number of theoretical stages and reflux ratio tphedvide an indication of the capital
investment and energy requirement. Chen and Yu8)208ed the same approach as that in
Luyben and Yu (2008) to study the effect of relatixolatility ranking on RD configurations,
but to ternary decomposition reactions only. Irs thtiudy, we focus on quaternary reactions,
which are more complex by the presence of more comts in the systems. Our previous
work (2018) focused on a single set of quaterngsyesns with both reactants as mid-boiling
components and products as lightest and heaviegpaoents (fc < Tpa < Tps < Tpp), and
fixed feed locations at both end sides of the reactection. That work provided valuable
insights into RD performance considering low orthiglative volatilities between product-
reactant ¢ca and ogp) and both reactantsodg). In our current study, we include all
quaternary systems with different boiling pointkisngs and obtain the optimal feed locations
considering varied feed stages.

Summing it up, this work gives useful knowledgeareting industrial RD processes, covering
two aspects related to essential assessment iregiat design studies: economic ranking of
process alternatives, and optimal process configuna Furthermore, this study provides a
valuable understanding of the effect of boilingmaankings on the RD processes.

2. Approach and methodology

A novel mapping method — described in our previmask — has been employed to predict
the applicability of RD based on the applicabiligsaphs of generic cases and to study the
effect of relative volatilities, chemical equiliom and kinetics (represented by Ddinler
number) on RD processes (Muthia et al., 2018). Tethod was also used to determine the
optimal RD configurations that can operate at ldwests (Muthia et al., 2018a).

The key feature of the mapping method is the ROiegqdmlity graph, illustrated in Figure 1.
A boundary line in the applicability graph splitsetplot into applicable and not-applicable
areas. On that line, each NTS has a RD configuratith the lowest reflux ratio possible. On
the boundary line and inside the applicability astaany NTS, the operation of reactive
distillation is conceivable. Multiple RD configurans are available inside the applicability
area which give flat-optimum solutions (Muthia ¢t 2018). For the sake of clarity, the
applicability graphs shown in this work have a maxim scale of 100 for both x- and y-axes.
Each RD applicability graph is coupled with a reggr@ation of column configurations within

the applicable area. The selection of that reptasen can be based on various consideration,
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e.g. at a fixed NTS, at NTSaETSyin, at NTS with RR=1.RR», or at any other points. In
this study, each representation of RD configuratisnat NTS=2NT S, which is only based
on the well-known rule of thumb in conventionaltdlistion regarding the prediction of the
optimum configuration. That representation is del@écby considering the availability of
multiple RD configurations with reflux ratios up % larger than the lowest RR. This
consideration is logically accepted as that maigrelux ratios difference is commonly
negligible in the RD application. Considering th&t-bptimum solutions in the applicability
graphs, various trends of RD configurations canobtained when different applicability
graphs are studied and compared. The represergaifoRD columns are selected based on
the decrease of number of reactive stages for hehie; When applicability graphs of
various equilibrium constants are compared. Thigcsien criterion is logical since a better
reaction performance is achieved for a highgf K

The schematic procedure to generate an appligagilaph is given in Figure 2. It might be
preferred to specify relative volatilities of coomamts following the boiling point rankings of
the quaternary systems. For instance, with theratl@, c < Tpa < Tpp < Tp s, Specifying
aca, oap andapg Might be preferred. This study only focuses on ldguim-limited reactions
as similar knowledge is expected to be the outcdanethe study of their kinetically
controlled reactions, as proven in our previouskn@018). Since vapor-liquid and chemical
equilibria are reached on each stage of the colgpecifying liquid hold-up or residence
time (resulting in the Dandkler number) is not required as an input for tmeuation in this
work.

The quaternary reactions are classified into sbugs based on the boiling point rankings, as
shown in Table 1. For consistency reasons, the mgeonvention of the groups follows the
rule defined by Luyben and Yu (2008). To delivemgarable results for different groups,
several key relative volatilities have to be sgedifuniformly. In this studygas andacp are
specified at 2 and 6, respectively (see Table h)y @Qroup } has different specifiedag and
acp Since its boiling point order does not allow defqthose relative volatilities at 2 and 6,
respectively. Both groupsplland I} are disregarded from the investigation, since fram
thermodynamic point of view, it is unfeasible tat@h two heaviest / lightest products from
two lightest / heaviest reactants (in stoichioneceggistems).

Using the mapping method, a preliminary economiakirsg of RD is obtained here by
considering the number of theoretical stages afidxreatio as two main variables, which
give the first economic assessment. NTS indicdteseight of column which is proportional

to the capital investment and RR affects the colammeter and is directly proportional to
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the amount of hot utility required (energy usage}pectively (Kiss, 2013). To perform this
assessment comprehensively, the chemical equilibcionstants are varied at values of: 0.01,
0.1, 0.2, 1 and 10. These values cover the prhcacae of reactions in terms of the RD
application.

All simulations are performed in Aspen Plus v8.6eTRD scheme is presented in Figure 3
(a). The RD column operates at atmospheric presasseming negligible pressure drop. The
reactants are fed as saturated liquid, in an edammatio. The lighter reactant is fed on the
bottom of reactive zone and the heavier reactamtisduced to the top of reactive zone,
therefore a counter current flow occurs which alaeaction to take place along the reactive
stages. Sensitivity analysis is carried out by wayyhe position and the length of rectifying,
reactive and stripping sections. The optimizatiool is used to minimize reflux ratio for any
converged solutions by considering product purityop and bottom (min. 99 mol%) as a
hard constraint. Next, the optimal feed locations assessed for the quaternary systems as
given in the study of preliminary economic rankidgy configurations in RD applicability
graphs can be selected for this investigation. Tésulting representations of column
configurations in the previous section are usedbase cases, in terms of numbers of
rectifying, reactive and stripping stages. Sensjtianalysis is carried out by varying both
positions of feed stages, as shown in Figure 3T(b. optimization tool is used to minimize
the reflux ratio by considering the same constrasin the study of preliminary economic

ranking.

3. Results and discussion

3.1. Preliminary economic ranking of RD processes

Simulations in Aspen Plus v8.6 were performed fiaugs ), I, Ill, and Il} to obtain their
applicability areas accounting for various equilibn constants (from 0.01 to 10). There is no
applicability graph available in groupfor any specified K; which indicates that the required
product purity cannot be achieved, hence a singlec&umn is not applicable. An advanced
RD configuration (involving two columns) might beed for this group. The RD setup might
be adjusted by adding side-draw product strearo(8)e column as both desired products are
mid-boiling compounds (Luyben and Yu, 2008). At deaan additional conventional
distillation is needed to obtain the products ghlpurity. Besides, the application of reactive
dividing wall column (R-DWC) could be consideredaemther option. As the application of a

single column is aimed in this study, grousldisregarded from our further consideration.
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Figure 4 (a), (c) and (e) depict the RD applic&pilyraphs for groupsp,l Ill, and I,
respectively. In group Il the applicability area of the system with#0D.01 could not be
obtained for both NTS and RR up to 100. For thaseigs, the applicability area becomes
larger when K, is higher due to a higher conversion which gives possibilities of having
RD configurations with lower capital investmentslaaduced energy requirements (i.e. lower
NTS and RR), which is as expected.

The representations of RD configurations, at vari@guilibrium constants, is shown in
Figure 4 (b), (d) and (f) for groups, I, Ill;, respectively. As observed earlier, the increase
of Keq leads to a better reaction performance, therdfogeNTS and RR decrease for each
group. In comparison between different groups, dixed Ke, the number of theoretical
stages and reflux ratio increase from graypll, to lll;, respectively. This trend indicates the
cost ranking of these three groups s lllp, Ill, — from the lowest to the highest cost,
respectively. Having obtained the RD configuratitorsall groups in Figure 4 (b), (d) and (f),
the column schemes are shown in Figure 5.

Considering the volatility order of group Ji(Tp,c < Tp.a < Top < Tpg), it iS very important to
fully convert component B before it reaches thépping section, otherwise its presence
becomes a hindrance to a high purity of product Bhe bottom stream. Therefore, if group
lll, is compared to group,la larger number of reactive stages is required. dny fixed
equilibrium constant - see Figure 4 (b) and (d)e ttectifying section of group }lis smaller
than that of groupplbecause of the larger relative volatilities of gmunds ¢ca=4 and
acg=8.4 in group I}, aca=2 andacg=4 in group §) which lead to an easier separation.
Besides, the stripping section of the RD columngi@up Ill, is larger than that of group &s
the separation between reactant A and productrboig challengingoxp=3 in group } and
aap=1.5 in group II}).

Regarding the relative volatility sets listed inblea 1, the configurations of group (llare
expected to be mirror images of the RD columnsrotig Ill, shown in Figure 5 (b) and (c).
However, it is observed that a higher number obtétcal stages and a larger reflux ratio are
required for group IHat various Ks, see Figure 4 (d) and (f). In contrast to grdup group
lll; needs a larger reactive section to fully convid teactant A before it reaches the
rectifying section. This task is more difficult th#hat in group I} because the reactant A is
the lightest, therefore it is easily vaporized amter the upper level of the column. A higher
reflux ratio is required mainly because of moreficlilt separation in rectifying section

(acg=1.5 in group Ill, aca=4 andacg=8.4 in group II}).
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To gain more understanding about the effect of ¢b@nequilibrium constants on the reaction
and separation processes in the different grotmesliquid composition profiles are provided
in Figure 6. A low and a highdss (0.1 and 10) are evaluated for each group. Fa@ralips
with Ke=0.1 - see Figure 6 (a), (c) and (e) - there isagbvan accumulation of a reactant
along the reactive zone because it helps to pustcanversion of reaction to the products
side. Commonly, reactant A is the accumulated camgdecause it is more easily vaporized
than reactant B and the condensation process aptier part of the column changes its phase
back to liquid. However, in group llhaving abundant reactant A will inhibit the dedifRD
process as it interferes with the high purity afgarct C. Therefore, in this group at a low,K

B is the reactant that is accumulated.

If the systems with an equilibrium constand;KLO are compared to those witkR#0.1, the
accumulation in the reactive zone of any reactaithén replaced by the product(s) due to a
better reaction performance. In groyp- Isee Figure 6 (b) - the accumulation of prodts
and D in the reactive zone can be observed, witigher mol fraction of D present. Less
accumulated C is detected, because overall theaepaof product C from any reactants is
easier ¢ca=2, ocg=4, aap=3, 0gp=1.5). In group I} - see Figure 6 (d) — component D is the
accumulated product because its separation frootaiei@A is more challenging than that of
product C considering their relative volatilitiega=1.5, aca=4). The opposite difficulty
occurs in group Il see Figure 6 (f), in which the separation betweactant B and product
C is more challenging than the separation betweattant B and product Dudg=1.5,

agp=4), therefore C is the accumulated product incthlamn.

3.2. Optimal feed locations for RD units

The optimization of feed locations has been caraetlby taking the RD configurations as
given in Figure 4 (b), (d) and (f) withe1 as the base cases. For all combinations of feed
locations, the numbers of rectifying, reactive atrgpping stages remain the same as those in
the base cases, which limit the varied design peters and give clarity to the presented
results. Figure 7 (a), (b) and (c) show refluxasitas a contour plot for varied feed locations
of both reactants A and B for groups lll, and I, respectively, at k=1. Cross and square
marks in each plot indicate the base case and adRbiguration with the most optimal feed
locations (i.e. with the lowest reflux ratio redugi energy requirements), respectively.
Moving from the crosses to the squares, the rafitios of the base cases decrease from 2.1
to 1.7 for groupJ (19% reduction), from 4.6 to 2.9 for group,{87% reduction), and from
8.6 to 6.6 for group 1}1(23% reduction), by adjusting the feed locations.
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To clearly distinguish the RR changes, each pldEigure 7 is partitioned based on certain
RD ranges and marked with distributed colors. Tpenwal region (the darkest zone) in each
plot is achieved by RD configurations with refllatios up to 3% higher than the lowest RR.
For all groups, it is always beneficial to haveharser distance between the two feed stages,
therefore an immediate contact between two reactactur before separation takes place.
Besides, it is essential to set the feed stageanftant B (as the higher boiling reactant) above
that of reactant A in order to enhance the diregttact of both reactants in liquid phase,
therefore enhancing the reaction performance. ®Rjathe feed inlets on a reverse order
causes a significant increase in reflux ratios. fstance, in group,| the feed stages of
reactants A and B at 24 and 11 require RR=2.1,enthé reverse order gives RR=8.1. In
group lll,, RR=3.8 is needed when the feed inlets of reaxtarand B are at stages 12 and 4,
while the reverse order requires RR=10.9. In grdlp RR=6.9 is needed when the feed
inlets of reactants A and B are at stages 56 and/dile the reverse order requires RR=44.3.
Moving from the crosses to the squares in Figuréh@&,optimization pattern for different
groups are identified. In group, the RD process is optimized by positioning the tfeed
stages close to the centre part of the reactive.Zongroup I}, bringing the inlet of reactant
A up within the reactive zone reduces the energgyirements (lower RR). On the contrary,
lowering the feed stage of reactant B closer tobibttom section of reactive stages decreases
the energy requirements (lower RR) in group Hor a better insight, the representations of
RD configurations with lowest reflux ratios insittee darkest zone in Figure 8 (b), (d) and (f)
are coupled with the corresponding column configors of the base cases, as shown in
Figure 8 (a), (c) and (e).

Further investigation is performed by observing liqeid composition profiles of different
groups, as given in Figure 9. In comparison tolthse case of group, lsee Figure 9 (a) and
(b), the immediate contact of reactants for theinoged feed stages has reduced their
accumulation along the RD column. As consequeriteetare less unreacted compounds
found in the rectifying and stripping sections whresults in less difficulty in the separation.
In group I, - see Figure 9 (c) and (d) - the improved reactiondition in the reactive zone
with modified feed locations significantly helps &iminate reactant B (i.e. the heaviest
compound in this group). The average concentraifoA in the reaction zone has increased
with at the same time a lower concentration of Ahet bottom part of the reactive zone
compare Figure 9 (c) and (d) - which reduces theceotration of B even further and
improves the separation performance (lower refato) for A/D. In the base case of group

lll,, the accumulation of reactant B - see Figure 9- (i) needed to enhance the reaction



© 00 N OO 0o A W N P

W W W W wWwNNNDNDNDNDNDNNDNIRNNRNDRRRRRRPR R B
N O N P O © ®©® N0 00 WNERELRO © 0 ~NO 0l M W N B O

Effect of boiling point rankings and feed locations on the applicability of reactive distillation to quaternary systems

performance and to prevent reactant A from reachiveg upper part of column. In the
improved RD process, the distribution of accumulatsactant B in the reactive zone has been
optimized which is implied by the shift of the peakits mol fraction and the increase in
average concentration of B in the reactive zoneshasvn in Figure 9 (f). This shift reduces
the amount of B going up the rectifying sectiorerétiore the separation of product C is
easier.

Although a closer distance between the two feegkestés preferred in each group, introducing
reactants A and B at the same stage potentialhgases the energy requirements (higher RR)
because reactant A is partially vaporized at tlneesame when reactant B moves down to the
lower level of the column prior to reaching theat&an conditions. This observation indicates

the competition between reaction and separatiom r@active stage.

For the validation of our findings, we refer to ® Ronfiguration with the optimal feed

locations for the methyl acetate production, aviolexd by Tang et al. (2005) by performing
rigorous simulations and detailed economic calautagt The synthesis of methyl acetate via
esterification is given in Eq. (1). Based on itdihg points ranking, this reaction is classified

into group Il (Th,c < Toa < Top < Top)-

Methanol &) + Acetic acid B) = Methyl acetate@) + Water D) (2)
Top 64.7 °C 118.01 °C 56.94 °C 100 °C  AH, =-15.85 kJ/mol

The optimal RD configuration reported by Tang et (2D05) consists of 1 rectifying, 34
reactive and 4 stripping stages including reboilene feed locations of acetic acid (the
heavier reactant) and methanol (the lighter redctare at stage 3 and 26, respectively,
counted from the top down, which matches the ptedicegion of the optimal feed locations
of group I, as suggested by this work, see Figure 7 (b) agdr&i8 (c), (d). This example
confirms the promising application of the mappingthod. Besides the methyl acetate
production, Tang et al. (2005) assessed the optiRial designs for other acetic acid
esterification reactions producing ethyl acetasepropyl acetate, n-butyl acetate and amyl
acetate. Due to the higher level of complexityhoge systems (i.e. the presence of ternary
and heterogeneous azeotropes), it was reportethéhaperation of a single RD column is not
feasible and therefore RD columns with decantefaradditional stripper are required. For

these different RD setups, the approach providetthisywork is not applicable.

10
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4. Conclusions

This work successfully demonstrates the use ofritapping method for obtaining insightful
knowledge of RD processes by using generic cases. dssential aspects in conceptual
design (i.e. economic ranking of configurations @anacess optimization) can be investigated
at an early stage, instead of being assessed fb#ghstage of conventional studies.

The boiling point rankings of components have digaint effects on RD configurations. In
the case of comparable chemical equilibrium constaand relative volatilities, the
preliminary cost ranking of quaternary systemsthar application of a single RD column is:
group } < lll, < lll; (from the lowest to the highest cost). A single Bilumn setup cannot
be applied to group kconsidering the challenging separation of both-bading products
from the lightest and the heaviest boiling readamhe presented approach can be used to
assess other equilibrium constants and relativatiitf sets, significantly improving the
understanding of RD processes for different cases.

The mapping method is also useful to determingegens where the optimal feed locations
are obtained. In group, lit is more beneficial to position both feed isletoser to the centre
of the reactive zone. In group Jlllower energy usage (reflux ratios) can be obthibg
putting the inlet of reactant A within the reactxene, while the inlet of reactant B is kept at
the top of the reactive zone. In contrast, for grdl, it is more beneficial to feed reactant B
within the reactive zone, while keeping the inlétr@actant A at the bottom of the reactive
zone. For all groups, a shorter distance betweenféed inlets gives benefits, with the inlet
of the heavier reactant always above the inleteflighter reactant. However, feeding both
reactants at the same stage is detrimental foerteegy usage since the competition between

reaction and separation phenomena hinders the RBrpeance.
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Nomenclature
Keq chemical equilibrium constant [-]

NTSmin minimum number of theoretical stages [-]

NTS number of theoretical stages [-]

RR reflux ratio [mol/mol]

RRmin minimum reflux ratio [mol/mol]

Tp boiling point temperature [°C]

aij relative volatility between component i and j [-]
AH, heat of reaction [kJ/mol]
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Table

Table 1.Groups of quaternary systerm#s«{ B = C + D) based on boiling point (J orders.

- _ Specified )
Boiling point _ Set variables .
Group _ variables o set following T, order
ranking
0ag | Ocp | Oca aBD
|p C<A<B<D 2 6 2 1.5 Oca=2,0a8 =2,08p = 1.5
I, A<C<Dx<B 6 2 0.6 06| aac=1.7,0cp=2,0p = 1.7
I, C<D<A<B _ o |
disregarded from consideration, for thermodynareasons
I, A<B<C<D
11| p C<A<Dx<B 2.1 6 4 0.7 | aca=4,0ap =1.5,0pg=1.4
" A<C<B<D 2.1 6 0.7 4 oac = 1.4,0c6 = 1.5,08p =4
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Figure captions(auto-updated)

Figure 1. An illustrative applicability graph fogactive distillation (Muthia et al., 2018).
Figure 2. Schematic procedure to generate RD agiplity graph (Muthia et al., 2018).

Figure 3. RD columns with (a) fixed feed inlets thie top and the bottom parts of reactive
zone and (b) varied feed inlets along the RD column

Figure 4. RD applicability graphs and their confafions at NTS=2-NT, for: (a) group |,

(b) group Il (c) group ll}. All the relative volatilities are according tofila 1(Muthia et al.,
2018b).

Figure 5. RD column schemes for (a) groyp(b) group I}, (c) group I} (Muthia et al.,
2018b).

Figure 6. The composition profiles of RD configimas at NTS=2-NTg» for group }
considering (a) K~0.1 and (b) K~10, group I} considering (c) K~0.1 and (d) K~10,
group llI: considering (e) K~0.1 and (f) k10. All relative volatilities are according to
Table 1.

Figure 7. Varied feed locations of both reactantamdl B and their corresponding RRs at
Ke=1 for (a) group 4, (b) group Il} and (c) group Il Cross and square indicate the base
cases and the RD configurations with the most agitfeed locations, respectively.

Figure 8. RD column schemes in case of fixed fedets at the top and the bottom parts of
reactive zone for (a) group, I(c) group 1}, (e) group Ill and in case of varied feed inlets to
obtain the lowest RR possible for (b) groyp (d) group i}, (f) group Ilk. The presented
numbers next to the column show the RD stages.R&N column configurations are at
NTS=2-NTSn in the applicability graph considering.¢<1.

Figure 9. The composition profiles of RD column figarations in case of fixed feed inlets at
the top and the bottom parts of reactive zoneddgtoup $, (c) group I}, (e) group Il} and

in case of varied feed inlets to obtain the lowRBt possible for (b) group,I(d) group i},

() group llI.. The vertical solid lines always show the top #mel bottom parts of reactive
zone, and also the feed inlets in (a), (c), (ee Vértical dash lines in (b), (d), (f) present the
feed inlets. All RD column configurations are at $382-NTS, in the applicability graph

considering K1, and relative volatilities according to Table 1.
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NTSin

9|qeaijdde aio

Reflux ratio / [mol/mol]
Not-applicable area

RRmin

Number of stages / [-]

Figure 1. An illustrative applicability graph for reactivedtillation (Muthia et al., 2018).

Perform sensitivity analysis to have all
possibilities of numbers of rectifying,

Generic

Specify a set, Specify constant reactive and stripping stages:
system, > >  Set NTS [ S h d solution i timized
€.8. Opg, Olca, Ogp Keq (and Da) each converged solution is optimize
start with the objective to minimize RR

RD configurations
(various RR and number
of rectifying, reactive,
stripping stages

Enough NTS
data points?

RD applicability graph
(RR vs NTS)

Figure 2. Schematic procedure to generate RD applicabiliéplr(Muthia et al., 2018).
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(@) (b)

Figure 3.RD columns with (a) fixed feed inlets on the topl &éine bottom parts of reactive

zone and (b) varied feed inlets along the RD column
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Figure 4. RD applicability graphs and their configurationdNatS=2NT S, for: (a) group J,

(b) group Il (c) group lI}. All the relative volatilities are according toldla 1(Muthia et al.,

2018D).
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T, c<Tpa<Tpe<Typ Toc<Tpa<Typ<Tyg

(a) (b) (©)
Figure 5. RD column schemes for (a) groyp (b) group IIp, (c) group I} (Muthia et al.,
2018b).
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Figure 6. The composition profiles of RD configurations at$&2 NTSwi, for group }
considering (a) K~0.1 and (b) K=10, group I} considering (c) K~0.1 and (d) K10,
group Il considering (e) k~0.1 and (f) K10. All relative volatilities are according to

Table 1.
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Figure 7. Varied feed locations of both reactants A and B thed corresponding RRs at
Keq1 for (a) groupy, (b) group 11} and (c) group IH Cross and square indicate the base
cases and the RD configurations with the most agdtfieed locations, respectively.
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10 obtain the lowest RR possible for (b) groyp(dl) group Iip, (f) group Ilt. The presented
11 numbers next to the column show the RD stagesRBllcolumn configurations are at
12 NTS=2NTSuin in the applicability graph considering.¢<1.
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Figure 9. The composition profiles of RD column configurasan case of fixed feed inlets
at the top and the bottom parts of reactive zongafpgroup |, (c) group ll}, (e) group I}
and in case of varied feed inlets to obtain theslstiRR possible for (b) group (d) group
[, (f) group ll. The vertical solid lines always show the top tmelbottom parts of
reactive zone, and also the feed inlets in (a),(6)) The vertical dash lines in (b), (d), (f)
present the feed inlets. All RD column configurai@re at NTS=RNTSy, in the

applicability graph consideringds=1, and relative volatilities according to Table 1.
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