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Highlights

* Novel dual reactive dividing wall column for prosesy bio-based lactic acid
e Methodology for synthesis and design of a dualtreadlistillation column
« Advanced reactive distillation overcomes challeggieparations (reactive impurities)

Abstract

Methodologies for designing intensified processings are necessary to enable the industrial
application of process intensification conceptsisTdrticle presents a ruled-based systematic
methodology for the synthesis and conceptual designdual reactive dividing wall column
(dual R-DWC). A decomposition approach is useddentify the tasks required for the
separation by introducing a reactive separatingntage exploit a reversible reaction to
enhance the driving forces. A combination of shdrtand rigorous simulations led to the
conceptual design of a novel dual R-DWC in whioh fibrward and reverse reactions and the
separation occur at once.

The methodology was demonstrated in a case studthéoseparation of lactic acid from
dilute agueous streams and a reactive impurity iiveer the lactic acid conversion and its
recovery, while the byproducts may bring new chnglss for the desired separations.

This study is the first to investigate the effettr@active impurities on the reaction and the
separation, hence adding a more realistic framewmitke design. The flowsheet produced
was evaluated against benchmark processes and glaosignificant process improvement in
terms of energy savings (ranging 13-27 %), matémiehsity (28-32 % reduction), and water

consumption (22-36 % reduction), while the reactmpurities are effectively removed.
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1. Introduction

The chemical industry faces increasing competigsn and environmental regulatory
constraints, which demand new approaches to impddferent supply chain stages, process
performance and operation mode. For example, thedinction of process intensification (PI)
has been reported for various technologies andugtedoringing significant benefits to the
process without constraints limited to the unitt@pien classical concept (Gorak and
Stankiewicz, 2018). The application of Pl to thesiga of chemical processes has
demonstrated significant improvements in terms &fciency, economics, safety and
environmental performance due to the reductiongofiment size, energy consumption and
waste formation (Moulijn and Stanckiewicz, 2017neOapproach to incorporate Pl in the
design of chemical processes is combining functieading to a synergistic effect that shows
better process performance than the separate dascii.e., reactive distillation (Stankiewicz
et al.,, 2019). Reactive distillation (RD) explottee synergy of the combined reaction and
separation, which leads to benefits, such as sepaienprovement as the reaction overcomes
azeotropes, and reaction improvement as the sepamtercomes chemical equilibrium and
enhances reaction rates, conversion and selectivéyto the constant removal of the reaction
products (Kiss, 2017). Additional benefits ariseewltomparing the performance of RD with
the conventional reactor-distillation sequencehsag capital and operating costs savings, less
plant footprint, less recycling streams, and bettevironmental performance (Sundmacher
and Kienle, 2003). Nevertheless, some constranfD’s application need to be overcome.
For example, specific ranges of temperatures aadgspres must overlap, in addition to the
limitations due to the thermal stability and theéatgst’s life span (Orjuela et al., 2016).

Novel RD configurations with additional processemsification features (advanced reactive
distillation technologies: R-DWC, R-HiGee, CCD, REHWC, MA-RD) have attracted
academic and industrial attention due to their pdéto expand the applicability of RD. A
survey, based on industrial and academic experieqgalitatively shows the degree of
development of several advanced reactive disbitattechnologies in different aspects,
including availability of methods and tools for a@gs simulation, dynamics and control as
well as practical challenges (Kiss et al., 2019n0okg them, the R-DWC presents greater
development and ease of implementation, as extehdedfits of the dividing wall column
(DWC) applied for reactive systems, as described iecent review paper about R-DWC
(Weinfeld et al., 2018). Recent studies have algoloeed the use of pervaporation and
pressure-swing reactive distillation for systemataming azeotropes (Li et al., 2020; Li and
Kiss, 2021; Wang et al., 2019). Beyond RD, dual IRE3 been demonstrated to exploit the
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synergistic thermodynamic features that lead tompact and efficient multiproduct unit
(Dimian et al., 2009).

Invited for the Special Issue olhdvances in Bioprocess Intensificatidhis original paper
focuses on expanding the applicability of reactistillation by exploiting synergies through
further intensification by combining a dividing walnd two reactive zones in one vessel,
namely a novetlual reactive dividing wall colum(dual R-DWC). The choice of using an R-
DWC was a development from existing flowsheets tfegtture a sequence of reactive
distillation columns, where the dual function (tveactive sections) is implemented under the
same operating pressure following a rule-basedoagpr The dual function uses a reversible
reaction to improve the driving forces allows owsmning phenomenological limitations (high
boiling points) of the initial separation throudtetforward reaction (Cardona Alzate et al.,
2019). The reverse reaction is then used to rectheerinitial target molecules after the
challenging separation has been accomplished. ddation direction can be easily shifted by
adjusting the liquid phase concentrations followittte Le Chatelier's principle. The
application of the dual R-DWC can be evaluated ffoid chemical systems that feature
multiple outlet process streams (products, immsjtiexcess water, mass separating agent)
and the need for the forward and reverse react{@ng., esterification-hydrolysis). In
principle, the methodology developed in this reskeazan be applied to evaluate chemical
systems that are suitable for RD, i.e., equilibriimmted systems where the reactions take
place in the liquid phase only. This research imaestrated through a special case study
where a reversible reaction is introduced to fest#i the initial separation problem: the
purification of lactic acid (LA) from a dilute agoes mixture with low-concentration
impurities that exhibit similar physicochemical bgfour.

This paper is the first to carry out the synthesid conceptual design of a process flowsheet
based on an intensified dual R-DWC, which is atdbeter of an industrial case study for the
concentration and purification of a dilute agqueaiream of lactic acid (LA) from a
fermentation broth. From a process design viewpgirdgvious studies have overlooked the
effects of impurities in the process performansepm@cess simulation research to date has not
yet considered the effect of reactive impuritieshi@ concentration of LA and used simplified
fermentation broths as detailed in section 2.4.rdfoee, this investigation accounts for the
impact of succinic acid (SA) as a heavy reactivgunty on the purification of LA. The
methodology follows a ruled-based approach thaudes a synthesis procedure through a
decomposition approach and the process’ concemtasign using shortcut models and

rigorous simulations in Aspen Plus V8.8. Also, aergy integration analysis is performed to
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find additional opportunities for heat recoveryn&ly, a brief assessment using sustainability
metrics is carried out, and the results are dyeotimpared against the benchmark studies

reported in previous articles.

2. Casestudy: Downstream processing of lactic acid

The application of a methodology to derive thensteed dual-reactive dividing wall column
(dual R-DWC) is illustrated by a direct applicatilma case study. This section provides a
general overview of lactic acid production, empbiag the last stages of preconcentration
and purification along with the associated chalEengwhich are tackled by the proposed
methodology. Also, the feed and product charadtesisthe different approaches to handle

impurities in lab-based and simulation-based stydiad the catalyst selection are addressed.

2.1 Lactic acid production process

Lactic acid (2-hydroxypropionic acid) is anhydroxy organic acid produced industrially for
the first time, through the chemical route, in thated States. The chemical route limitations
include high manufacturing costs and the inabiltyproduce the desirable L-(+)-lactic acid
stereoisomer (Datta and Henry, 2006). Figure lemtssa block diagram of the conventional
process for LA production. Most LA production preses are currently based on
carbohydrate fermentation using microorganisms l§érwet al., 2006). The microorganism’s
varying metabolism demand varying amounts and tgpesitrients and produce fermentation
by-products such as fumaric acid, acetic acid, isic@cid, and ethanol. As a result, the
fermentation broth constitutes a complex mixturedose of the non-reacted sugars, excess
nutrients and byproducts, determining the downetrpeocessing steps (Oliveira et al., 2019).
The possible configurations of LA downstream preges strongly depend on the
fermentation broth composition and the purity reedi Datta and Henry (2006) recognised
that the separation and purification of LA remasrtlze primary technology barriers due to the
difficulty of removing salts formed during the feemtation stage, which poses a challenge to
the final disposition options and generates anrenmental liability

The dotted box in Figure 1 envelops the focus of dase study: the preconcentration and
purification steps. The preconcentration stage k@wmothe bulk solvent to reduce the
solution’s volume by evaporation in a range betw&@f6 to 75 % wt. while limiting the loss
of lactate material from 0.1 % to 1 %wt. (Mizrahiad., 2006). Finally, the purification stage
removes the remaining organic acid impurities byactee extraction, adsorption,

electrodialysis and esterification followed by riae distillation Among these purification
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technigues, RD can successfully separate othenmrgaids from LA while simultaneously
removing excess water (Joglekar et al., 2006; Konetsal., 2017). The reaction of non-
desired organic acids and alkyl alcohols into estath different boiling points facilitates the
separation via distillation (Qureshi et al., 201Ajter the separation of the alkyl esters, the
alkyl lactate hydrolyses back to the acid form. @&gesult, RD has been explored as a
promising alternative to purify LA (Cho et al., )Xim et al., 2017; Su et al., 2013). Yet,
these studies assumed heavy impurities that areeactive and thus easily removed, which is
unrealistic. This study goes a step further by mhergg reactive impurities during the

process synthesis and design.

2.2 Characteristicsof the LA stream for the preconcentration stage

The composition of fermentation broths varies wydélie to the type of carbon source, the
pH, and the microorganisms used for fermentatioine Typical concentration of lactate
material in a fermentation broth varies betweero 8% % wt. (Mizrahi et al., 2006). The
diluted acid mixture contains water, LA and otheids, including fumaric acid, formic acid,
acetic acid, and succinic acid. For this investaygta previously studied mixture containing
succinic acid (SA) as an impurity (this time reae}iwas selected to allow a fair comparison
among conventional and intensified processes (Kial.e2017; Su et al., 2013).

2.3 LA product specifications

Among the group of the organic acids, LA constguseversatile chemical with applications
in cosmetics, foods, pharmaceuticals, and induists@ with mass concentrations of typically
50 %, 80 %, 88 % and 93 % (Gruber et al., 2006;adhbmo, 2020). An emerging application
of LA in the form of lactide monomers and co-monaosn® concentrations of 100 % wt. is
the production of polylactic acid (PLA), a bio-bdsglastic with promising applicability to

replace fossil-based plastics (Okano et al.,, 20TAg major global producers of LA and
derivatives are: Corbion Purac (The NetherlandglaGic S.A. (Belgium), Henan Jindan
Lactic Acid Co., Ltd. (China), Jungbunzlauer AG (&werland), Musashino Chemical

Laboratory, Ltd. (Japan), and NatureWorks LLC (U$RgportLinker, 2020).

This research focuses on the production of LA 8&®&scfor the food industry, which is the

most used industrially. The product specificatians LA 88 % wt., where dilactic acid (Di-

LA) can be present up to 4.4 % wt., methyl lac{dMé) <1 % wt. and the remaining is water.
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2.4 Reactiveimpurities

The separation of organic acids from LA is challegglue to the similar behaviour that these
substances exhibit. The difference in boiling peicannot be easily exploited as increasing
the operating temperature may lead to thermal degian. For these reasons, converting the
acids into esters facilitates separation, as thiemgdemperatures of the esters are lower than
their corresponding organic acids. A literatureveyr about studies that evaluated LA
purification revealed the contrasting approachegtds impurities and water content when
performing experiments or process simulations.dnegal, lab-based experiments evaluated
the purification of LA using either fermentationobinis or synthetic mixtures that account for
impurities. In contrast, process simulation expenis use mixtures of LA and water only, in
some cases also adding inert impurities.

Laube et al. (2016) studied the purification of e&perimentally from fermentation broths
with impurities. As a result, a 15-unit operatiaongess without reaction was produced, which
did not effectively remove pyroglutamic acid, whishundesirable, especially for LA poly-
merisation into PLA. Uono (2013) focused on synigiag high purity lactate from a solution
that contained organic components as impuritiee &tthor claims that salting out with
acetone allowed the removal of impurities, but radugs indicating the initial and final
concentrations are provided. Khunnonkwao et al12Gstudied LA’s purification from a
fermentation broth containing reactive acetic adidis study focused mostly on membrane
design, but there is no mention of the separatitecitveness. Benedict et al. (2006) carried
out various tests for LA and SA’s co-processingdster production, evaluating catalyst and
membrane suitability. The process used a batchytateeactor followed by a pervaporation-
assisted distillation. However, the synthetic miggicontained little or no water and a large
excess of ethanol, which are not realistic condgifor industrial application.

The simulation-based studies focusing on the tegdwomomic evaluation of LA production
dismissed the presence of impurities (Dai et &1,8 Gasca-Gonzalez et al., 2019; Komesu
et al., 2015). Other researchers have focusedepréconcentration and purification of LA,
and they have considered the presence of highrbml@mponents (SA, Di-LA, Tri-LA) that
do not react and are easily removed (Cho et a@082KRim et al., 2017; Su et al., 2013).
Additional studies about the separation of mixtuoéorganic acids that showed relevant
results for this research include the work of Oguet al. (2011), who studied, experimentally
and in simulation, the separation of a mixture wécénic acid and acetic acid. This study
showed the challenges and operating issues wheimgl@ath a separation of organic acids.

For example, the treatment of highly diluted miggi{which resembled a fermentation broth)
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showed low conversion, so they were not evaluatethér by simulation. In addition, the

unreacted SA precipitated and obstructed the olithet of the cooled bottom product.

Boontawan (2012) studied a vapour-permeation a&skissterification of a mixture of acids

containing formic acid, acetic acid and LA with atiol. All acids were converted into esters
and then separated in a conventional distillatiolurmn. While the experimental studies
demonstrate that the esterification with alcoholnist selective of the target acid, the
simulation studies tend to dismiss this fact by @ifying the model. These experiences
suggest that it is actually important to considier itmpact of reactive impurities in the process
performance. This study offers a more realisticrapph by considering a heavy reactive
impurity (succinic acid) as part of the LA feedd® purified in order to evaluate its impact.

2.5 Catalyst selection

Previous experimental studies about the esteribicadf LA have tested a range of cation
exchange resins including Amberlyst 15, Amberlysti-X010, D001, D002, and NKC
(Benedict et al., 2006; Kumar et al., 2006; Sanalgt2004; Zhang et al., 2004). However,
most kinetic studies have focused on the catalystaracterisation, and not much attention
has been paid to RD’s operational constraints glwetthe device’s mechanical and thermal
limits. As a result, selecting a suitable catalgsnostly guided by the chemical performance
only.

Amberlyst 15 is widely used for LA research in RDa( et al., 2018; Gasca-Gonzalez et al.,
2019; Kim et al., 2017; Su et al., 2013). For exempu et al(2013) set the maximum
operating temperature of the catalyst of 120 °G asnstraint for the reactive section in an
RD column. Indeed, this setting limits the opemtivindow due to equipment constraints and
hinders the reaction. To overcome this limitatisrg introduced Amberlyst 36 as a solid /
heterogeneous catalyst to give a broader rangeerfiton up to 150 °C with a mass density
of 800 kg/mi. This cationic resin catalyst exhibits a capaaity 5.40 eq/kg (i.e. the
concentration of acid sites), while Amberlyst 1®gants a capacity of 4.70 eg/kg (Dupont,
2019). Therefore, this catalyst’s performance carcdnsidered at least as good as Amberlyst

15, and the kinetic data available is used inwosk.

3. Modedlling and smulation basis
This study uses a combination of equilibrium antk4@ased models that account for the
vapour-liquid equilibrium (VLE) and kinetics, respi@ely. The application of equilibrium

and non-equilibrium models to describe R-DWC bebtavihas been successfully validated
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against pilot-scale experimental data, which presidonfidence in the approach followed in
this investigation (Egger and Fieg, 2019). Howetlee availability of accurate vapour-liquid
equilibrium (VLE) data and kinetics is somewhat ited. Therefore, the selection and

validation of the property model data and kinetios described hereafter.

3.1 Property model

The property model needs to account for non-ideabliour and to handle consistently the
phenomena associated with the presence of polapamamils (water, MeOH) and carboxylic
acids (LA and SA), such as the solvation and theedsation in the vapour phase of
carboxylic acids. The UNIQUAC-HOC and NRTL-HOC pesty models are adequate for
chemical systems that feature non-idealities amoingt interactions between acids in the
vapour phase. However, to avoid introducing newades that may impact the comparison
with the previously published benchmark studies,WiNIQUAC-HOC model was selected.
Only four pairs were gathered from built-in datakem Aspen Plus v8.8, using experimental
data from the Dortmund databanks (LA-Water, Watex@Ml, Water-SA, Water-ML), while
the remaining pairs were estimated using the UNIFA&hod in Aspen Plus. Therefore,
proper model validation was carried out using expental data available in the literature —
this is presented in tifgupplementary Information

3.2 Chemistry and kinetics
In the present study, the concept@dctive separating ageniRSA) is used for a compound
to aid the separation through the reaction with taeget component. This concept is
analogous to themass separating ageniMSA) and ‘energy separating agenteSA) that
are used to aid separation by physical means @wydér, 2017). Methanol (MeOH) was
selected as the RSA based on the study of Su €2QGid3), which found that the MeOH
system offered the lowest TAC as the flowsheet latdd the fewest columns and produced
the lightest lactate. In this manner, an equilibrlimited and reversible reaction of the target
components with an RSA could effectively remove umes and recover the original
purified compound through the reverse reaction.séquoently, the chemical system evaluated
in this study consisted of eight components: thesan the initial mixture and the reactions’
products. Equations (1) to (5) illustrate the remas included in the model.

Lactic Acid (LA) + Methanol (MeOH)= Methyl Lact&t(ML) + Water (2)

SuccinicAcid (SA} MeOH= MonomethylSuccinatdS) + Water (2)
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MMS + MeOH = DimethylSuccinate (DMS) Wat (3)
2LA = Dilactic Acid (Di —LA) +Water 4)
(Di —LA) +LA =TrilacticAcid (Tri -LA) HWater (5)

The kinetic data for the esterification of LA wiMieOH using Amberlyst 15 was obtained
from the study of Sanz et al. (2004). The sidetreas of SA with MeOH (Amberlyst 15) and
the oligomerisation of LA (Dowe®R-2030 were gathered from the studies of Dudas et al.
(2014) and Asthana et al. (2006), respectivelyegression was applied to the experimental
points to calculate the kinetic parameters. Whewata points were available for the reverse
reaction, the chemical equilibrium constant wasdusecalculate the 'pre-exponential factor
of the reverse assuming that the activation energlye same for both reactions. All the data
sets were fitted to a pseudo-homogeneous kinetaemdhe kinetic parameters for reactive
distillation in Aspen Plus use a built-in power |l@awpression, and the units depend on the
basis selected for the holdup, which can be sgekifi terms of volume, mass or moles in the
RadFrac module. The holdup basis selected in tbdysvas the mass of catalyst per stage
(which is 10 kg for esterification, and 12-14 kg fydrolysis, assuming a catalyst occupancy
of max 50 % of the holdup volume), so the corresiopmnunits for the pre-exponential factor
are expressed per mass of catalyst (e.g. 2.24&r6l/s- kga for LA esterification) (Luyben,
2013). The catalyst bulk density (800 kd)rallows converting the pre-exponential factor into
a catalyst volume-based unit (e.g., 1.712kifol/s- ). The details of each set of data and
the calculated kinetic parameters are presentédte 1.

4. Research approach

The synthesis and conceptual design of an intedsifiowsheet followed a ruled-based
approach (e.g., analysing boiling points to setgerating pressure, composition in the liquid
phase) to drive the decisions to find opportunitegsntensification and achieve performance
improvement. The analysis and verification of eatgp of the synthesis and design used a
combination of tools: a decomposition approach rtshb calculations, rigorous simulation,
and heat integration to achieve intermediate amal fperformance targets initially set in the
scope of this conceptual design study. The assongbf the proposed methodology include:
no pressure drop across the columns, reactioreitighid phase only, ideal mass transfer so
an equilibrium model is used to describe mass pamsbetween the liquid and vapour
phases, kinetically controlled reaction describgdabpseudo-homogenous kinetic model,
reactive impurities that introduce additional comg@ots to the separation, fully-thermally
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coupled configuration equivalent to DWC (as negligiheat transfer occurs through the
wall), and multiple outlet streams with one prodstteam on specification. The results
allowed a better understanding of the process amdewaluation using sustainability
indicators, such as material intensity, E-factorergy intensity, water consumption and the

associated C£emissions.

4.1 Decomposition approach applied to a dual reactive system

The decomposition approach was used to identifyriti@idual tasks (functions) required for
the reaction-separation problem: esterificationdrblysis, rectifying and stripping. The
esterification section carries out the forward tieacand converts LA and SA into their
corresponding esters with lower boiling points. Htepping sections remove high-boiling
components, while the rectifying sections driveltget components as overheads. Lastly, the
hydrolysis section carries out the reverse readaimh converts the ML into LA. For this case
study, the heaviest cut is removed in the firstisecof the arrangement, where the indirect
sequence leads to a side-stripper configuratioh avidual reactive function: esterification and
hydrolysis. Then, these sections were coupled agipd the inlet, outlet and internal flows to
drive the reactions (esterification or hydrolysas)d the separation, as shown in Figure 2. A
detailed description of the approach applied toual deactive system is provided in the

Supplementary Information

4.2 Shortcut calculation and initialisation values

The shortcut calculations consisted of mass batara@plied around different system
boundaries to obtain initialisation values for gorous simulation. The sections identified
through the decomposition approach were groupel that only one reaction lies within the
boundary or a key degree of freedom can be cabulléd.g., liquid split ratio, reflux ratio,
boilup ratio), as shown in the dotted and dasheg®¥m Figure 2. The outer system boundary
contained all sections and targeted for the contipasi of the top stream’ containing MeOH
and water and the product stream containing coretext LA on specification. Next, three
inner boundaries were considered around the @stdiiin section, hydrolysis section and the
rectifying section 2, where the latter featured linaid split ratio at the top of the dividing
wall that distributes the liquid between the twotgms of the column (Yildirim et al., 2011).
The composition of the liquid stream returning be testerification section depends on the
separation accomplished due to the VLE and thewvopton and production rates on the

second reactive section. Therefore, taking intmantthe reactions on the hydrolysis section

10
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to calculate the composition of the returning ldjgtream constitutes an adaptation of the
methods for designing a DWC and an R-DWC with aaetive section (Mueller et al., 2007;
Triantafyllou and Smith, 1992). A detailed desdaptof the shortcut calculations performed
around the different boundaries of the system ésgmted in th&upplementary Information
These shortcut calculations were fully automatedExeel, which facilitated recalculating
values when accounting for non-sharp separatiodgartial conversion so that the operating

parameters used to initialise the rigorous sinmedccount for a realistic system.

4.3 Rigoroussimulation of the flowsheet and performance evaluation

Aspen Plus V8.8 was used to implement the flowshsigig the rigorous RadFrac module for
the main units of the process. The process sinomatsults were used to calculate the key
performance indicators and track various procesabias.

Prior to implementing the novel dual reactive agement obtained from the decomposition
approach, a preconcentration step was includedaluate its performance in a full flowsheet.
The preconcentration arrangement consisted of #&ehean expansion valve, and a flash
vessel to promote an instantaneous separatioredetd into two phases: liquid and vapour.
The flash vessel was set to operate adiabatich#iynaospheric pressure (1 atm). The criterion
to remove water in the preconcentrator followed tyuidelines presented by Mizrahi et al.
(2006): volume reduction from 10 % to 75 %wt. wathoss of LA between 0.1 to 1% wt. As
the volume reduction allowed a wider variation r@ngnly the LA loss was used as a design
specification for the preconcentration arrangemealigulated with Equation (6). Sensitivity
analysis was used to evaluate the effect of thietotemperature from the heater on the LA
concentration and flowrate of the solution for It processing, and the LA loss.

_ LAmassflowratein the vapour streaﬂ 00
LA massflowratein the feed stream

LAloss

(6)

The simulation of a dual R-DWC was performed ugimg RadFrac modules fully thermally
coupled — a thermodynamically equivalent configorgt assuming that the mass-transfer
resistances are equal and that the heat transfaugi the wall is negligible (Novita et al.,
2018). Figure 3 summarises the iterative procedore flowchart denoting four main
activities: initialisation values adjustment, esdteation column implementation, hydrolysis
column implementation, and coupling. Several deaigasks within the main activity or to

progress to the next activity checked simulatiomvergence and compliance with
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intermediate and final targets set for the indialdand coupled performance of the columns.
The shortcut calculations (previously described)vmted the initialisation values for the
operating parameters (e.g., reflux ratio, bottomfded ratio, boilup ratio, bottom rate),
heuristics provided initialisation values for thes@yn parameters (e.g., number of stages, feed
location) and previous studies provided initialisatvalues for the catalyst holdup (e.g.,
10 kg of catalyst per stage). The initial numberstdges determined by heuristics was
relatively large (30 stages per section: reactsgpping, rectifying) (Al-Arfaj and Luyben,
2002). The feed streams to the esterification geatiere initially located at the two ends of
the reactive section. Intermediate target valuasg,(eonversion, desired split, target molecule
losses) were set to fine-tune the number of st&gksving a sensitivity analysis procedure
varying the catalyst holdup per stage, and the feeation and observing the temperature,
composition and component generation profiles. Qheentermediate targets were met, the
vapour stream leaving the esterification column wsad as a feed stream to the hydrolysis
column. The implementation of the hydrolysis colurfollows a similar initialisation
procedure and fine-tuning until reaching the intedmate targets set (e.g., conversion, target
molecule losses). Then, the returning stream Iggathia hydrolysis section was updated in the
esterification column following and iterative prolcee until matching its composition and
flowrate in the hydrolysis and esterification colwsn Finally, the two columns were coupled
and simulated to obtain the final target, whicherefto the product specification. The
Supplementary Informatiopresents a detailed procedure to implement thé RRRWC in
Aspen Plus including the holdup variation, diamsieing and convergence.

The distillate stream from the dual R-DWC contaireatess water and MeOH, where the
latter needs to be recovered and recycled so aticadd distillation column is employed.
Finally, the recycle stream was connected to theriisation section, and the simulation was
satisfactorily run and converged. A detailed dggmn of the implementation of the recovery
column and the recycle stream is provided inShpplementary Information

Finally, the SPRINT software (v2.9), developedhet €entre for Process Integration (CPI) at
the University of Manchester, was used to set gnéaggets and identify heat recovery
opportunities (CPI, 2019). The mass and energynbak obtained from the rigorous
simulation in Aspen Plus provided the stream databé implemented in SPRINT. A
minimum approach temperature of 10 K was selectgden the system’s range of
temperatures, and the utilities included in thdyais (see th&upplementary Information

To complement the proposed flowsheet’s technicaluation, we assessed sustainability

metrics such as material intensity, E-factor, epargensity, water consumption and €O
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Conceptual design of a dual reactive dividing wall column for downstream processing of lactic acid

emissions. The use of sustainability metrics caidegumprovements in operations by
enabling the comparison with benchmark processaskihg improvement over time, or
evaluating alternative processes for the manufaabfia given product, where the lower the
metric, the more effective the process (Schwaet.e2002).

The material intensity was calculated as the ratimass of input materials (including water
only when it constitutes part of the product) mitlae mass of product(s) over the mass of
products (product and byproducts) (Equation (7)0e TE-factor accounts for the waste
produced and it was calculated as the ratio ofntlass of waste (excluding water) over the
mass of product (Equation (8)) (Sheldon, 2018).

mass of raw materialstA mass of final prod:

Mass Intensit
4 mass of final product

(7)

E factor= total mass of waste (8)

mass of final produc

The energy intensity was calculated using the dvbBeat duty of the reboilers and heaters
over the mass of LA product. The water consumptioetric comprises the volume of
freshwater consumed in the process and the lodsester due to evaporation or disposal
over the mass of LA product (Equation (9)).

fresh waterinlet lossesfromcoolirg watermbised
mass of final product

Water consumptior

(9)

The CQ emissions associated with the preconcentration pndfication steps were
calculated based on the US-EPA-RULE-E9-5711 methadording to Equation (10). This
calculation considered the consumption of hottigsi only, assuming the use of natural gas
as a fuel for steam production (so fossil fueleast of renewable sources). The L&nission
factor is fuel-dependent and uses a default oxaddtctor of one, which assumes that all the
carbon present in the fuel oxidises. The,@mission factor for natural gas is 5.589° 1
CO./J. The energy source efficiency fact@006 IPCC Guidelines for National Greenhouse
Gas Inventoriesassumes that the efficiency of the transformatibfuel to energy is higher
than the efficiency of the transformation of fueldlectricity. The latter was not accounted for
the downstream section under study. Thus, forrésgarch, an efficiency factor used is 0.85.
The CQ emissions metric is presented as the mass @fd®€&r the mass of the LA product.

heatduty] CQ emission fact
energy source efficiency factc

CO, emission rate (10)

13
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5. Resultsand discussion

This section presents the results of each stagfgeainethodology and the analysis that drove
the decisions made in the process synthesis anteptual design journey. The results are
organised as follows. Before the synthesis of d@kprocessing options, the boiling points
were analysed to select a suitable operating presshen, a decomposition approach and the
application of shortcut calculations informed thetialisation values to build a rigorous
process flowsheet. Once a robust simulation offéhedmass and energy balance results, the

heat integration analysis and the sustainabilitjriceewere calculated and evaluated.

5.1 Boiling point analysis and selection of operating pressure

The components of the original mixture and the tieas’ products were listed in increasing
boiling points order. Table 2 presents the boilamgd azeotrope temperatures at different
pressures (see extended dataseBupplementary Informatign The maximum operating
temperature for the reaction zone — limited by ’tlleermal degradation of the catalyst (150
°C) — and the decomposition temperatures of thepom@nts were included as constraints.
Also, the process design aimed to use cooling vester cheap cold utility.

The reactive zone must contain the reactants isectmntact to achieve the esterification
between LA and MeOH, while ML needs to be recoveredhe overheads after being
separated from the heavier compounds. Pressures béinospheric are preferred to drive the
ML to the top without compromising the catalystrgegrity. LA and SA’s decomposition
temperatures limit the bottom streams’ temperatstgggesting again to operate at low
pressure. Clearly, high vacuum favours the semaraind avoids catalyst degradation, but
lowered temperatures also hinder the reaction’gnession (slow kinetics), and the top end of
the column would require expensive cooling.

As the esterification reaction’s purpose is to @b\ A into ML, the first split aimed to
produce an overhead product containing ML and digiproducts, and a bottom stream of
impurities, where ML and DMS were the light and \ne&key components, respectively.
However, azeotropes are possible between the tw® gamponents. Thus, the temperature
above the reactive section required to be at agte boiling point of ML, while the higher
boiling azeotropes are maintained in the reactoreezo drive the reaction of LA into ML and
push the heavier components downwards. The additlwat of the exothermic reactions will
raise the reactive section’s temperature, so tmpeeature profile needs monitoring to avoid

the catalyst degradation in the lower end of tlaetige section.
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There is a compromise between the temperaturevimufathe separation and the reaction.
Figure 4a presents ML, MMS and DMS’s productioresadt different temperatures assuming
an equimolar feed, where temperatures below 1989Gur ML production over MMS and
DMS. Figure 4b presents ML, MMS and DMS’s productiates at different pressures and
evaluated at the corresponding boiling temperadfiféL. This figure shows that increasing
operating pressure raises the production ratesllgbraducts. However, the distribution
favours MMS and DMS over ML, which will affect trmnsumption of MeOH. Thus, the
operating pressure that favours the esterificatibhA, while keeping low the production
rates of MMS and DMS, was 0.5 atm.

5.2 Decomposition approach insight into shortcut models and rigorous simulation

The shortcut calculations over the boundaries degit Figure 2 provided the initialisation
values for flowrates and compositions of the outkeéams and operating parameters set as
specifications. TheSupplementary Informatioprovides a block diagram and the shortcut
calculations’ results after evaluating a liquidisptio of 0.4. Also, the bottom to feed molar
ratio for inner boundary 1 was found to be B/F=@,0and the reflux ratio for the inner

boundary 3 was RR=0.92. These values are thentasettialise the rigorous simulation.

5.3 Rigoroussimulation of the process flowsheet

5.3.1 Preconcentration of the fermentation broth

The sensitivity analysis (see Figure 5) evaluahedipact of the outlet stream temperature
from the heater (manipulated variable) on the mfitavrate and the mass percentage of LA
of the liquid stream for further processing. Thalgsis indicates that temperatures lower than
127 °C allowed maintaining the LA loss below thmiti A temperature of 126 °C was
selected such that the LA loss corresponds to %.68t. and the flowrate reduction is
approximately 40 %, which is in line with the sgmation suggested by Mizrahi et al.
(2006). The vapour stream from the flash vessetaioed mostly water with a low calorific
value and provided heating making use of the |dteat available, which is further discussed

in the energy integration section 5.4. The liquréam continued to the purification step.

5.3.2 Dual esterification-hydrolysisdividing wall column and methanol recovery
Implementing a robust esterification column in AspPlus required additional setup
parameters due to the complexity of the connectanmd interactions and new degrees of

freedom. For example, the MeOH stream flowrate ictgpdhe reaction and the reactive
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section’s temperature, which is constrained byddalyst. With a stoichiometric feed ratio,
the reaction zone temperatures were too high, wthiokie oligomers’ high production rates.
Thus, a sensitivity analysis was performed to fimel MeOH to organic acids ratio that allows
maintaining the reaction zone at temperatures bdlb °C. Figure 6 presents the reactive
section’s column profiles resulting from the semgi analysis of the feed molar ratio of
MeOH to the organic acids, LA and SA. Notably, steichiometric feed ratio of one led to
temperatures of up to 350 °C, exceeding the catalysstraint and promoting oligomers’
production. Figure 6d shows Di-LA’s production inetfirst reactive stages and then the
consumption leading to Tri-LA production, which dades the material and reduces the
recovery, as the oligomers are removed with a bighng fraction containing the impurities.
Increasing the MeOH to organic acids ratio cleaglyuced the temperature along the reactive
section and hindered oligomers’ formation. Thug, heOH makeup is an important degree
of freedom that plays a key role in maintaining tkactive section’s temperature and the
subsequent oligomers production. These results salpport the selection of a catalyst that
withstands higher operating temperatures. The mtomiu rate profile for ML in Figure 6c
shows that the reverse reaction occurred in tist fivo reactive stages as the LA feed was
rich in water and promoted the reverse reactioth) WML produced in the lower stages of the
reactive section. Thus, moving the LA feed two stagbove the reactive section allowed the
reaction to occur from the first reactive stages@we of the water fed was dragged to the top
of the column. Increasing the MeOH concentratiothm liquid phase with increasing molar
feed ratio favoured the esterification reactionpesented in Figure 6b.

The condenser was removed once a relatively consaperature along the reactive section
is obtained by simulation. Then, a new degreeeddom must be considered: the liquid split
ratio that dictates the incoming liquid stream tiegph in the column. The returning stream
composition was set using the information from shertcut calculations, and the flowrate
was evaluated in a sensitivity analysis with defarsplit ratios, presented in Figure 7.

As a result, the higher the split towards the dstation section, the higher the reboiler duty
due to the increased volume returned. Howeverdhmaining parameters showed a minimum
temperature (top and bottom) and Di-&Tri-LA molaadtion; and a maximum conversion
and impurities removal using a split ratio of Owhich is used to build a base case. Small
discrepancies are attributed to the adjustmenteteedthe manipulable operating parameter
(bottom to feed ratio) to align with the mass bataand subsequent convergence. Therefore,
a liquid split ratio of 0.2 towards the esterific&t column was selected to continue building

the simulation. Further optimisation of the ligqudlit ratio could be explored in the vicinity
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this value following a multi-objective optimisatigmocedure beyond the conceptual design in
the scope of the proposed methodology. Bupplementary Informatiopresents detailed
information on the setup parameters and resultsbt@ain a robust esterification column
simulation.

The implementation of the hydrolysis column in adR@c module used the initialisation
values from the shortcut calculations and simutatiesults from the esterification column.
Figure 8 shows the profiles of the compositionhaf liquid phase and the production rates per
stage. The analysis of both profiles is quite rémgan several ways. First, in Figure 8a, it is
evident that most ML, once fed, travelled upwardgheut contacting the catalyst. Second,
the high ML concentration compared to the MeOH emtiation above the reactive section
also indicated the low hydrolysis reaction’s ratesaddition, the concentration of water in
the liquid phase, which is not depicted, was sigdfity high to guarantee the reaction’s
occurrence. Thus, the inlet and returning streasations were systematically lowered in the
reactive section so that the ML conversion improaed the ML loss in both ends of the
column is reduced. Nevertheless, a compromise dhbel made between the increase in
conversion and the ML concentration in the bottommeasn, as the feed stream moves
downwards, the bottom stream is also enriched is tbmponent. Figure 8c shows the
improved case where the number of reactive angistyistages and the catalyst holdup have
been adjusted.

Coupling the esterification and hydrolysis colunmmmsAspen Plus required several iterations
until reaching the targets set for each column’srafon and the product specifications, as
described in the flowchart of Figure 3. The fin@psto complete the simulation of the dual R-
DWC required the implementation of the recycle atreafter the simulation of the recovery
unit’. Table 3 provides details about the setupapuaaters for esterification and hydrolysis
columns, and the intermediate and final targetsHerbase case (before coupling), thermally
coupled columns after integration and the configanaincluding the recycle stream. The
iterations that led to significant changes in tlrerameters occurred when coupling both
columns. Then, once the recycle stream was caéxiiatd implemented, the MeOH makeup
flowrate was the one that required substantial aidjant, which was defined by the design
specification to keep the reactive section at <ASG0The intermediate targets defined for the
esterification section included LA conversion >%®9near-sharp ML-DMS split and LA loss
<1 %. The LA conversion and ML-DMS split were &asachieved. The LA loss in the
bottom stream was reduced with the adjustmentgedaout in the number of stages and feed

location. For the hydrolysis section, the internagglitargets included ML conversion > 80 %
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and ML loss in the top and bottom streams < 2 % B&se case presented a low conversion
of methyl lactate as some material exits the columenter the esterification section. Once

coupled, the location of the inlet and side-draveans’ and the catalyst holdup adjustment
allowed reaching higher conversion and reducedldse of ML from both ends of the

hydrolysis section.

5.3.3 Massbalance and key parameters

Figure 9 presents the process flowsheet for theopientration and purification of LA, and

the key stream-data and design features. Firstdilnéed LA entered a flash vessel (V-1)

arrangement, including a heater and a valve. Theerwech vapour stream provided low-

grade heat to be recovered, while the preconcextratA liquid stream entered the

esterification column (C-1). The impurities werenved in the bottom stream of C-1. The
ML-rich stream was then fed to the reactive sectiothe hydrolysis column (C-2) while a

liquid side-draw entered the top of C-1. The LAguot was removed from the bottom of C-
2. The distillate stream from C-2 entered a datiih column (C-3) to remove excess water

and recover MeOH.

5.4 Heat integration of the flowsheet

Figure 10 presents the composite curves of theeggyavhere the blue curve represents the
cold composite curve, and the red curve represiigtshot composite curve. The overlap
between the two curves denotes that the heat alaifar process-to-process recovery was
267.7 kW, which resulted in a reduction of hot armld utilities of 17 % and 22 %,
respectively. The minimum cold utility (cooling vea} corresponds to 1177.3 kW, and the
minimum hot utility accounts for 1280.3 kW (distutied in 853.3 kW of low-pressure steam
and 427 kW of high-pressure steam). The initialditons and design constrain the heat
recovery (e.g., feed condition for downstream, Iflagssel pressure). However, the flash
vessel pressure selected could bring benefits aifciag capital and operating costs due to

using standard operating conditions.

5.5 Sustainability metrics

The process’s sustainability was evaluated usingeraé metrics proposed by industrial
experts: material intensity, E-factor, energy isign water consumption, and G@missions.
These values allow comparing the operations pedona with benchmark processes, with

lower values meaning better performance.
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55.1 Material intensity

This metric indicates the input materials used yn@t of output. The inlet streams to the
process are LA in the diluted feed = 376.6 kg LAFA in the diluted feed = 62.7 kg SA/h,
the MeOH makeup = 26.1 kg MeOH/h and the waterthed is intended to be part of the
product (12 % wt.) that corresponds to 51.4 kg wiat€376.6x12/88), and the product
(output) corresponds to 411.3 kg/h of LA (88 % wil.he impurities stream is a mixture of
SA, MMS and DMS that is not considered a co-prodasta result, the material intensity of
the proposed flowsheet is 0.256.kg/kg LA product. Note that the calculation of madéri
intensity for the benchmark studies (Section 5e@)dred an additional input: the water used
for the hydrolysis of methyl lactate accounteddtmmetrically, and the implications will be

discussed accordingly.

552 E-factor

The E-factor gives an indication of the waste pomdliin the process. The waste stream
corresponds to the impurities containing SA andcdgresponding esters, MMS and DMS,
and is equal to 73.3 kg/h. The E-factor for theppsed flowsheet is 0.178 kgidkg LA. It is
important to note that by considering the SA asagtive impurity, the esters produced have a
higher molecular weight and consume part of the Md@d to the process. To reduce the
waste produced, the impurities stream could beagdsgt into DMS for applications such as

flavouring agent, paint additive, pigment solvemd &iscosity adjustor (Seqgens, 2021).

5.5.3 Energy intensity

Energy intensity is a measure of the primary eneaysumed per unit of output, considering
the heat duty of reboilers and heaters. The eniatgysity for the process proposed here is
13.5 MJ/kg LA product before indirect heat integrat (base case), and 11.2 MJ/kg LA
product (including heat recovery).

5.5.4 Water consumption

This metric indicates the freshwater consumed p@t autput, which accounts for the
freshwater inlet, losses from cooling, and watspdsal. One of the major realisations of the
proposed flowsheet was the reuse of the water pestlin the esterification section to carry
out the hydrolysis reaction. Therefore, no addaidreshwater was introduced to the system.

The evaporation losses were estimated as 7 % afotbleng water (Schwarz et al., 2002). The
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cooling water flowrate was computed from the capliduty once heat integration was
introduced (1135.2 kW), and the cooling capacityater was 20.9 kJ/kg given by the supply
and return temperatures of cooling water, 25 °GQGSC. Therefore, the loss by evaporation
of cooling water corresponds to 13.7/m The proposed flowsheet features two outlet wate
streams containing low concentrations of LA (frdme preconcentrator) and ML and MeOH
(from the recovery column) that add up to 0.89hmThe low concentrations and volume
(relative to the makeup of cooling water needed)bém the water reuse in usual water sink
options such as cooling water makeup and boiletvieger (Eslamian, 2016; Quaglia et al.,
2014). In a biorefinery, potential water sinks amedium preparation for fermentation,
pretreatment such as enzymatic hydrolysis (Abdelatial., 2015; Murphy et al., 1982).

Hence the water consumption for the proposed psasesnly 0.033 rhwater/kg LA product.

555 CO;emissions

The CQ emissions are expressed as the mass efe@ited due to the combustion of natural
gas for steam production (heating duty), as preshoexplained in section 4.3 and the
Equation (10), over the product mass. The base’'sc&®, emission rate (without heat
integration) was 366 kg G (for a production capacity of 3.5 ktpy of LA phact), and the
corresponding C®emissions were 0.89 kg GRg LA product. Evidently, the introduction
of indirect heat integration reduced the emissioate to 280 kg Cé&h, and the CQ

emissions per unit output were reduced to 0.68 ®g/kKg LA.

5.6 Comparison with previous studies

The comparison between the flowsheet presenteleirptevious sections and the available
benchmark studies was not straightforward due thtiadal features considered during the

synthesis and conceptual design of the novel psoogsinit. These additional features were
the reaction of the impurity (i.e., SA esterificat) and higher temperature-limit for the

reactive zone than that of the benchmark studi@® {C) due to using a catalyst that

withstands up to 150 °C. However, the results preskand discussed hereafter provide an
indication of the potential of the novel configuoat using technical and sustainability

indicators. Table 4 shows the key performance atdis selected to evaluate the flowsheet’'s
behaviour, including the dual R-DWC and the benatkrstudies.

The MeOH makeup flowrate found in this work wasrfomes higher than the flowrate of the

benchmark studies. This increase is attributedht dsterification of SA that consumes

MeOH to produce MMS and DMS, where the latter @maved with the impurities stream,
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so MeOH cannot be recovered. This finding providéditional arguments in favour of the
hypothesis posed that reactive impurities impaetsidparation of lactic acid, which has been
overseen in previous studies. The additional MeOla5 kg MeOH/kg LA) may impact the
raw materials’ costs and suggest a point worthetednsidered even at an early design stage.
Further developments beyond the conceptual desigiddnclude a formal multi-objective
optimisation procedure to target an overall perfamoe variable (e.g., energy usage, total
annual cost) making use of adequate cost corraittbat account for non-conventional
configurations. Meanwhile, the material intensitgtnt showed the lowest value for the
proposed flowsheet despite the increased MeOH npalZ8+32 % reduction) because of the
elimination of additional water required to perfothe hydrolysis reaction by using the water
produced in the esterification reaction. This oateowas achieved by appropriately placing
the vapour stream from the esterification sectiohie hydrolysis section so that the water
required for the reaction was available in theitiqphase. The E-factor presented an increase
of 10-11 % suggesting that the proposed flowshemdyzed a larger amount of waste due to
the production of MMS and DMS, which feature highletular weights. Yet, this apparently
inferior performance corroborates the hypothesas sitcounting for reactive impurities, even
at low concentrations, can give a more realistididation of the operating costs (i.e.,
additional raw materials) and the environmentafgrerance (i.e, waste produced).

The feed stream to purification contained a sinlil&ramount, but this study showed a higher
water amount. The benchmark studies used a coowahtdistillation column operating at
0.1 atm to remove approximately 88 % of water, aiiilis work used a flash drum at 1 atm
and achieved 60 % removal. Although the water reahesas not as good, introducing a flash
vessel made it possible to recover some low-grad bontributing to reducing the overall
energy use of the proposed flowsheet (reductioh7o%6 hot utility, and 22 % cold utility).
Regarding the energy used, the process-to-proassiritegration reduced the heating duty
by 27 % and 13 % compared to the benchmarks, regglgc This result is also reflected in
the energy intensity metric, where the proposeddlteet presents the best performance.

The apparent lower capacity of the proposed floesk@.54 to 2.15 % reduction) is due to
the lower Di-LA content, which has a higher molegculveight, in the LA product. All
products comply with the Di-LA limit of 4.4 % wthut our flowsheet achieved a higher LA
recovery than the benchmark studies. This resulexplained by the fact that milder
temperatures in the hydrolysis section reducedopigyisation reactions, thus avoiding Di-

LA formation, which is a form of degradation of darget molecule.
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The MeOH to LA feed molar ratio in this study ietlowest, even though the amount of
water entering the first column is high. This réstduld be attributed to the catalyst that
withstands higher temperatures, so less MeOH wasrezl to quench the reactive section.
The water consumption metric for the proposed fluees presents a reduction of 36 % and
22 % compared to the benchmark studies. The thiaeigal contributions for reducing the
water consumption were the lower water makeup redudue to the evaporation losses
(lower cooling duty), the potential reuse of thetletuwater streams (e.g., cooling water
makeup, boiler feedwater, medium preparation foméntation) and the elimination of the
freshwater stream to the hydrolysis section.

The total CQ emissions associated to the conventional sequesloenns presented in the
work of Su et al. (2013) was 1.01 kg &k LA, and for the flowsheet including the fully
thermally coupled column in the study of Kim et @017) was 0.83 kg Cfkg LA. The
process proposed in this work, without and with theacovery has figures of
0.89 kg CQ/kg LA and 0.68 kg Cgkg LA, respectively. Evidently, the introductionf o
direct heat integration in the dual R-DWC and thecpss-to-process indirect heat integration

allowed reducing the C{emissions, which positively impacted the ecologicatprint.

6. Conclusions

The new methodology proposed here for the synthasisconceptual design of a dual R-
DWC was successfully demonstrated and used indusinially relevant case study about the
downstream processing of bio-produced lactic aEite methodology followed a rule-based
approach and included a combination of a decompasinethod, shortcut models and
rigorous simulations to obtain a robust flowsheetvhich the heat recovery opportunities
were fully explored and exploited. The decomposifwocedure allowed the identification of
the fundamental tasks that must be performed irptbeess, while the process synthesis and
conceptual design combined these tasks effectitelgenerate a further intensified unit,
namely a dual R-DWC that features both the forvaard reverse reactions and the separation
in one vessel.

Further development of the methodology is ongoiogdérive a systematic approach to
expand the range of processing options beyond R-DW/Gynthesise advanced reactive
distillation technologies. Although further casades are yet to be carried out, the proposed
approach could be evaluated in biorefinery appbeat for the purification of organic acids
via esterification (e.g. citric acid, succinic acptopionic acid), and the production of esters

via hydrolysis or transesterification (e.g. methgétate, ethyl acetate, fatty alkyl esters).
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Even at an early design stage, accounting forstealand challenging characteristics (e.g.,
highly diluted feeds, reactive impurities) reveathd possible implications for the economics
and technical feasibility when evaluating detaitesigns and optimising in terms of energy
usage, total annual cost, capital cost or operatosy. For example, the presence of reactive
impurities in the mixture to be purified must becaanted for, as more byproducts are
formed, and more raw materials are used (compaveteds realistic studies based on
simplified assumptions), which makes the downstrpamsessing more complex.

The novel dual R-DWC was evaluated using sustditpametrics, which also allowed a fair
comparison against benchmark processes reporten iliterature. The results show that the
novel dual R-DWC process proposed in this studyawgs sustainability, as reflected by key
metrics: energy intensity of 11.2 MJ/kg LA (savings11-27 % vs benchmarks), material
intensity of 0.256 kgyu/kg LA (28-32 % reduction), water consumption od3B mi/kg LA
(reduction of 22-36 %), and G@missions of 0.68 kg Gixg LA (reduction of 18-33 %).
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Abbreviations

LA Lactic acid

SA Succinic acid

MeOH Methanol

ML Methyl lactate

MMS Monomethyl succinate

DMS Dimethyl succinate

Di-LA Dilactic acid

Tri-LA Trilactic acid

Pl Process intensification

RD Reactive distillation

R-DWC Reactive dividing wall column

R-HiGee Reactive high-gravity distillation

CCD Catalytic cyclic distillation

R-HIDIiC Reactive heat-integrated distillation colum
MA-RD Membrane-assisted reactive distillation
VLE Vapour-liquid equilibrium

UNIQUAC-HOC Universal Quasichemical model with HaydO’Connell correction
NRTL-HOC Non-Random Two liquid model with Hayden&@nnell correction
RSA Reactive separating agent

MSA Mass separating agent

ESA Energy separating agent

TAC Total annualised cost
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B/F Bottom-to-feed molar ratio
RR Reflux ratio

LS Liquid split ratio
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Tables

Table 1. Kinetic models and parameters for the five reastimcluded in this study

E)r(e-onential Activation
Eq. Reaction rate expression Reaction type facrftor energy
(Kmol/Kgear'S) (kJ/kmol)
LA esterification to
— 2.17e+04 48,733
1 r= mcat(kfaLA Q/IOH - K %IL %ter) ML ]
ML hydrolysis to LA 1.06e+03 48,487
SA esterification to
1.10e+07 72,855
2 =M (KeXsaX won = KX ymsX water) MMS . © ’
cat f*SA“* MOH r’* MMS“* water, MMS hydronS|s to 2 450405 72 855
SA ) ’
MMS esterification 4.40e407 78.646
3 = My (K X msXon = K XousX o) O OMS .
cat f*MMS“* MOH r“*DMS“* water, DMS hydroly5|s to 5 570406 28.646
MMS ) ’
LA oligomerisation
. f=m sl — Kk x 10 Di-LA 2.00e+01 52,000
cat fMLA r *Di-LA XNater Di-LA desoligo-
" 9.99e+01 52,000
merisation to LA
Di-LA oligomeri-
— . . 5.70e+00 50,800
5 r= mcat(kfXLAXDi—LA - kr XTri —HA X/vater) Sa_tlon to TI‘I-.LA
Tri-LA desoligo- 2 850401 50.800

merisation to Di-LA

r: rate of reaction (kmol/s)m

cat*®

: catalyst mass (kg), K,: forward rate of reaction constant

(kmol/kge.i*s), Kk, : reverse rate of reaction constant (kmal{ks), & : activity, X, : mole fraction
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Table 2. Boiling temperatures of pure components and azpesrat different pressures

Component 0.1 atm 0.5 atm 1.0 atm
Azeotrope* Boiling Azeotrope Boiling Azeotrope Boiling Azeotrope
point composition point composition point (°C) composition
(°C) (mol frac) (°C) (mol frac) (mol frac)
MeOH 15.7 - 47.9 - 64.5 -
Water/DMS 45.7 0.96/0.4 80.8 0.95/0.05 98.9 0.95/0.05
ML/water 46.0 0.02/0.98 81.4 0.04/0.96 99_%%_%*** ooog/so/%gf**
Water 46.1 - 81.7 - 100.0 -
ML 81.9 - 123.2 - 144.8 -
LA/DMS 125.1 0.04/0.96 169.9 0.17/0.83 192.8 0.23/0.77
Di-LA/DMS 124.9 0.06/0.94 170.1 0.13/0.87 193.6 0.17/0.83
DMS/MMS - - - - -
DMS 125.2 - 171.6 - 196.4 -
Di-LA 150.6 - 193.7 - 215.9
LA/Di- - - - 216.4 0.82/0.04/0.14
LA/MMS
LA/MMS 154.6 0.48/0.52 195.5 0.73/0.27 216.4 0.83/0.17
LA 156.5 - 196.2 - 216.6 -
MMS 165.1 - 200.0 - 222.9 -
SA 2445 - 2925 - 317.6 -
Tri-LA 272.3 - 320.9 - 345.9 -

*All azeotropes are homogeneous
**Autoignition temperature
*** Experimental data (Chahal, 2000)
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Table 3. Setup parameters and key results tracked to sienaldtial R-DWC

30

Fully Fully
Description Units Base Case thermally thermally
coupled + recycle
Setup parameters esterification column
Number of stages 29 25 25
Specified bottoms to feed ratio 0.020 0.015 0.015
Number of rectification stages 4 8 8
Number of reactive stages 20 12 12
Number of stripping stages 5 5 5
Catalyst mass per stage kg 10.0 10.0 10.0
Feed lactic acid stage 3 6 6
Feed methanol stage 24 20 20
Setup parameters hydrolysis column
Number of stages 85 85 85
Specified bottoms rate kmol/h 6.2 6.6 6.6
Specified boilup ratio 5.5 5.5 5.5
Number of rectification stages 20 10 10
Number of reactive stages 45 30 30
Number of stripping stages 20 45 45
Catalyst mass per stage kg 16 12,14 12,14
Methanol makeup flowrate* kmol/h 4.828 9.295 0.813
Results esterification column

Equipment related results
Temperature top stage °C 85.6 83.0 83.0
Temperature bottom stage °C 178.9 182.2 183.1
Reboiler duty kw 344.7 432.6 426.6

Stream results
kmol/h
Preconcentrated LA (Feed to C1) 19.269 22.654 22.654
LA kmol/h 4.140 4,152 4,152
Water kmol/h 14.598 17.971 17.971
Vapour stream from C1 kmol/h 30.521 38.397 38.514
MeOH kmol/h 4.245 8.696 8.778
Water kmol/h 21.768 25.239 25.276
ML kmol/h 4.507 4.461 4.459
- . kmol/h
Liquid returning stream to top of C1 2.780 2.780 2.780
MeOH kmol/h 0.116 0.118 0.119
Water kmol/h 2.236 2.332 2.332
ML kmol/h 0.428 0.250 0.250
Impurities from C1 kmol/h 0.566 0.542 0.544
Di-LA kmol/h 0.026 0.008 0.008
SA kmol/h 0.061 0.124 0.128
MMS kmol/h 0.289 0.239 0.224
DMS kmol/h 0.180 0.168 0.179
Intermediate esterification targets
ML top split fraction 1.000 1.000 1.000
DMS bottom split fraction 0.999 1.000 1.000
LA conversion % 99.77 99.93 99.88
LA lostin C1 % 1.48 0.48 0.53
. . mol fr

Impurities molar fraction (DMS+MMS+SA) 0.94 0.98 0.98

Results hydrolysis column

Equipment related results
Temperature top stage °C 59.5 57.6 57.6
Temperature bottom stage °C 101.8 106.9 106.9
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Condenser duty kw 635.2 888.1 889.3
Reboiler duty kw 280.5 447.8 447.8
Reflux ratio molar 1.671 1.703 1.696
Stream results
kmol/h
Vapour stream from C1 (Feed to C2) 30.521 38.397 38.514
MeOH kmol/h 4.245 8.696 8.778
Water kmol/h 21.768 25.239 25.276
ML kmol/h 4.507 4.461 4.459
Side-draw from C2 kmol/h 2.780 2.780 2.780
MeOH kmol/h 0.116 0.118 0.119
Water kmol/h 2.236 2.332 2.332
ML kmol/h 0.428 0.250 0.250
LA product kmol/h 6.960 6.618 6.618
LA kmol/h 3.601 4.003 4.001
Di-LA kmol/h 0.013 0.009 0.009
Water kmol/h 3.249 2.578 2.579
ML kmol/h 0.096 0.028 0.028
Excess MeOH and water from C2 kmol/h 20.781 28.999 29.116
MeOH kmol/h 7.758 12.679 12.758
Water kmol/h 12.668 16.237 16.275
ML kmol/h 0.355 0.082 0.082
Intermediate hydrolysis targets
Methyl lactate conversion % 88.94 97.38 97.38
LA lost as ML (top) % 8.57 1.98 1.98
LA lost as ML (bottom) % 2.32 0.68 0.68
Final targets
LA product ka/h 395.120 411.463 411.329
LA+Di-LA wt fr 0.826 0.880 0.880
Water wt fr 0.148 0.113 0.113
ML wt fr 0.025 0.007 0.007
Purification section LA recovery % 86.98 96.41 96.37
Overall LA recovery % 86.11 95.72 95.67

*Defined by the design specification over the temperature in the reactive section
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Table 4. Process comparison in terms of key performandeaiats

Mass
balance key
streams and
parameters

Energy used

Sustainability
metrics

Parameter description
Feed to preconcentration (kg/h)

LA to preconcentration (kg/h)
MeOH makeup (kg/h)

MeOH recycled (kg/h)
Feed to purification (kg/h)

LA to purification (kg/h)
Water for the hydrolysis section (kg/h)
Impurities removed (kg/h)

LA product (kg/h)

Plant capacity (ktpy)
MeOH/feed molar ratio
MeOH/LA feed molar ratio

LA recovery (%)

CO; emission rate (kg CO2/h)
Heating duty (kW)

Cooling duty (kW)

Material intensity (KQinpu/kg LA)
E-factor (kgwaste/kg LA)

Energy intensity (MJ/kg LA)
Water consumption (m3/kg LA)
CO; emissions (kg CO/kg LA)

* Additional makeup required due to side reactions

**Higher waste production due to side reactions

32

Su et al. (2013)

1255.1
376.5
6.4
311.0
592.4
376.0
252.2
67.2
413.5
3.5
1.6
4.0
91.8
417
1763
1687
0.379
0.163
15.3
0.052
1.01

Kimetal. (20 17)

1255.1
376.5
6.4
310.5
592.8
376.4
252.2
67.6
420.4
3.5
1.7
4.0
94.2
349
1474
1388
0.357
0.161
12.6
0.043
0.83

This work
1255.2
376.6
26.1*
406.4
760.5
374.0
0.0
73.3
411.3
3.5
0.6
3.3
95.7
280
1280
1177
0.256
0.178**
11.2
0.033
0.68
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Figure captions (auto-updated)

Figure 1. Process block diagram for conventional LA produttiThe dotted block includes
the steps evaluated in this study (modified fronvéa de Oliveira et al., 2018; Lépez-Garzén
and Straathof, 2014)

Figure 2. Sections and interconnections from the decomiposapproach. The dotted and
dashed boxes indicate the system boundaries fahihrécut calculations.

Figure 3. Methodology to implement a rigorous simulation affully-thermally coupled
arrangement with two reactive sections (dashed exions considered after first iteration,
yellow: initialisation values adjustment, greenteedication column implementation, red:
hydrolysis column implementation, blue: coupling)

Figure 4. Production rate of the esterification productsAad)different temperatures b) At
different pressures at the boiling temperature af M

Figure 5. Sensitivity analysis of the effect of the heatmutlet temperature in the
preconcentration arrangement (The dotted line atdgthe maximum LA loss allowed)

Figure 6. Column profiles for the esterification sectiost@ichiometric ratio)

Figure 7. Sensitivity analysis of the effect of liquid gptatio on the esterification section

Figure 8. Column profiles for the hydrolysis column withetshaded region representing the
reactive section (*mass of catalyst per stage )n kg

Figure 9. Process flowsheet and key stream data for th@poentration and purification of
LA. The dashed box presents the fully-thermallypded arrangement equivalent to a dual R-
DWC (0 stream numbet; inlet stage,O total number of stagel,—] stages per section, B/F

bottom-to-feed molar ratio, RR reflux ratio, LSuid split ratio)

Figure 10. Composite curves of the process
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Figure 1. Process block diagram for conventional LA produrctiThe dotted block includes
the steps evaluated in this study (modified frortvé& de Oliveira et al., 2018; Lopez-Garzon
and Straathof, 2014)
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dashed boxes indicate the system boundaries fahitwcut calculations.
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Figure 3. Methodology to implement a rigorous simulatioradtilly-thermally coupled
arrangement with two reactive sections (dashedeaxions considered after first iteration,
yellow: initialisation values adjustment, greenteg$ication column implementation, red:

hydrolysis column implementation, blue: coupling)
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ML: methyl lactate
MMS: monomethyl succinate
MES: monoethyl succinate

DMS: dimethyl succinate

1. Phase equilibrium data

1.1 Validation of the thermodynamic model

The first validation was performed over the MeOH-dair with the experimental data from
Sanz et al. (2002), which offered molar liquid argpour fractions at 33.33, 66.66, and
101.33 kPa. Figure S1 depicts the experimental jgaitats and the prediction obtained from
Aspen Plus, and there is a good fit.

In contrast to the SA-MeOH system, the SA-EtOHexyshas been widely studied, and more
kinetic, and VLE data is available (Altuntepe et &017; Orjuela et al., 2011). Therefore,
VLE data about water-MES was used to validate taeewMMS' predicted values, where the
differences in behaviour are expected to be nonHgignt. The work of Orjuela et al. (2011)
provided the VLE data for the water-MES system aB.B5 K. Figure S2 presents the
experimental data points and the predictions frospeh Plus, and there is a good fit. As a
result, the estimated binary parameters were usbdild the simulation.

2. Research approach
2.1 Detailed description of the decomposition approachapplied to a dual reactive
system
The decomposition approach, now applied to a syskerhincludes two reactions, requires
several iterations to find an adequate configumati®nce the required tasks have been
identified, the inlet, outlet and internal flowsenked to be located to achieve the removal,
enrichment or transformation required. Thus, thecpncentrated LA and the MeOH stream
were fed to the esterification column at the tod bottom of the reactive zone, respectively.
The ML-rich vapour stream moved upwards to theifgog section 1 together with the
lighter products. The rectifying section 1 is expecto be small, as the main objective of the
liquid stream returning to the esterification sewtis to maintain the downward flow of
liquid, so a sharp separation is not required. Stnipping section 1, below the esterification
section, is meant to remove DMS and heavier compsne
The vapour stream leaving the rectifying sectiarodtained ML, the water necessary for the

hydrolysis reaction, and the excess MeOH to bevereal and recycled. Thus, this stream
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was initially directed to the rectifying section\@here MeOH and the excess water will flow
upwards while ML and water were directed to the rbiysis section to react. Then, the
vapour stream leaving the hydrolysis section, riichthe light products of the reaction
(MeOH), was directed to the rectifying section 2rémove the lightest component and the
unreacted and excess water from the system.

The liquid stream leaving the rectifying sectiomsZsplit into two streams, one returning to
the rectifying section 1 and the other to the hiygiis section, defined by the liquid split ratio.
The liquid stream leaving the hydrolysis sectioteesd the stripping section 2 to guarantee
the product's specification by pushing upwards enaihtaining the ML inside the reactive
zone.

The decomposition approach for the design of a DiWi@antafyllou and Smith, 19923nd
the extension for the design of an R-DWC with tbactive section in the feed side of the wall
(Mueller et al., 2007) used the vapour-liquid eidpuilim data to obtain the composition of the
returning stream to the column on the feed sid¢hefwall, using either a total or partial
condenser. However, the configuration proposetiisiwork contained two reactive sections,
one at each side of the wall. Therefore, the comtipasof the returning stream would depend
not only on the separation accomplished due tovéipur-liquid equilibrium but also on the
rate of consumption and production of componentshensecond reactive section, which is

further explored when coupling both sections.

2.2 Detailed description of the shortcut calculations

Once the tasks and interconnections were plac#drefit system boundaries were defined to
carry out mass balances. The outer system bourdentained all sections to target the top
stream'’s compositions containing MeOH and waterthadconcentrated LA product stream
on specification. For the inner boundary 1, fullnegersion of LA and SA with a
stoichiometric feed of MeOH was assumed to statdaiculations to update the impurities
stream's flowrate and composition, which was assiutneontain only DMS. The returning
stream was initially set to zero as iterative clttans are required that depend on the split
ratio of the liquid stream leaving the rectifyingcion 2. Then, the vapour stream's flowrate
and composition, leaving the inner boundary 1, wdefined and used for the next
calculation.

For the inner boundary 2, two streams are knowa,pifoduct stream and the vapour inlet
stream; while the others required initialisatione tvapour and liquid streams leaving and

entering the hydrolysis section. The liquid streamtering the hydrolysis section depends on
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the liquid split ratio above the wall, defined dsetmolar flowrate returning to the
esterification section over molar flowrate towattde hydrolysis section. As the objective is
to drive LA production in the hydrolysis sectionpsh ML needs to be driven to this section,
whereas avoiding drying out the upper trays in rdaifying section 1. Therefore, a liquid
split ratio of 0.1 to 0.5 towards the esterificat®ection was systematically tested by varying
it with steps of 0.1. The bottom to feed molaraati the inner boundary 1 was calculated and
updated accordingly. The new values for the strésaming the esterification section were

used to update the balance in the inner boundary 2.

2.3 Detailed description of the rigorous simulation ofa dual-reactive dividing wall
column and the recovery column at a flowsheet level
The esterification section, rectifying section atripping section 1 were implemented in a
RadFrac module. The initial set up parameters dedua reboiler, a total condenser and a
relatively large number of stages for each sec{mg., 30). The operating pressure was
selected after evaluating the boiling points arel réquired split, and the pressure drop was
neglected at this stage of the design. The fivaliegum reactions were implemented using
the built-in power law, setting the type of reantias kinetic and defining a liquid reacting
phase. The holdup in the reactive zone was spddisethe mass of catalyst, as required by
the kinetic equation. A mass holdup of 10 kg pergst used in Su et al. (2013), was
employed to initialise the simulation. Structuredcking was selected because of the
operating pressure (mild vacuum) and the low ligates, in addition to the advantages of
packing over trays for small-columns to reducephessure drop and improve the separation
efficiency (Pilling and Holden, 2009). The packisgjected was MellapakPlus 252Y, due to
its high capacity, with an HETP of 0.4 m. At thement, Aspen Plus does not provide
options for structured packing tailored for reaetiistillation, such as Katapak-SP, which
consists of a flexible design combining catalysinetnts and MellapakPlus layers (i.e., solid
catalyst included in packing) (Sulzer Chemtech, 30However, the similarity on the
hydraulic behaviour is expected to provide an ameuestimation of the column diameter,
determined with the packing sizing tool in Aspens?IThe F-factors for the esterification and
hydrolysis sections of the column range betweer7-2.34 P&° and 1.34-3.19 P3
respectively. According to the data from the ven@®ulzer), these values correspond to
pressure drops of 0.4-1.5 mbar/m and 0.4-2 mbatimhns practically negligible. Therefore,
assuming no pressure drop across the column fosithelation does not present significant

changes to the material and energy balances. Howeaee should be taken when using
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internals that have a higher pressure drop peestaghe impact could be more significant.
The number of stages in each section requiredtéinerg to guarantee that enough reactive
stages and catalyst holdup are available to achaelrgh conversion (> 99 %) and that the
desired separation is achieved [(rfaj and Luyben, 2000). The bottom to feed moktrar
and the reflux ratio obtained from the shortcutuakdtions were used to setup the operating
parameters.

The preconcentrated LA stream was initially fedthe first reactive stage, and the MeOH
stream was located in the last reactive stage. AOM will be recovered and recycled, a
mixing point was included to consider the recyclistgeam and the makeup. The stream
representing the recycle was initialised with a Meflbwrate in a stoichiometric ratio. The
makeup stream is initialised with a low flowrater €xample, 0.01 kmol/h and adjusted after
the sensitivity analysis. The logic behind selegtine MeOH flowrate (and not the MeOH to
feed ratio) to maintain the reactive zone's tentpeeavas based on the control loops usually
used for reactive distillation and by taking intccaunt inaccuracies of flow measurements
and changes in composition (Luyben, 2013). The Md®@&rate resulted from a design
specification to maintain the last reactive stagaperature at 145+2 °C while varying the
MeOH makeup stream flowrate. As the implementatba thermally coupled arrangement
required removing the condenser and placing anetgrliquid stream, the makeup stream
required adjustment. The composition and flowrdtehe returning liquid stream required
iterative calculations because of the separatiahraaction's simultaneous occurrence. The
liquid split ratio was defined in a sensitivity &yss. Convergence issues appeared during the
simulation, so the operating parameters were rdlaxeund the initialisation values obtained
from the shortcut calculations.

The hydrolysis section, rectifying section 2 andpging section 2 were implemented in a
RadFrac module, which was initially not coupledtihe previous column. The initial setup
included a reboiler, a total condenser and a latgaber of stages per section following the
procedure described for the esterification coluiiiite operating parameters defined were the
bottom rate and the reflux ratio, using the shdrtalculations’ results. The reactions were
setup in the same manner as the esterificationmouolrhe catalyst holdup was initialised
with 10 kg per stage. The inlet vapour stream vp&sified using the simulation's values from
the previous column's top outlet stream. The fldeviaf the liquid side draw was specified
based on the 0.2 liquid split ratio, obtained fritra sensitivity analysis. The inlet stream was

initially located in the top reactive stage. Thopld side draw was located on the stage above,
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so that the composition is not much varied prepgatire model for the thermal coupling
(Smith, 2016).

The number of stages in each section, the catdlptdup and the inlet stage were
systematically varied to guarantee a high ML cosiogr and avoid losing ML in the top and
bottom streams. That is, the number of reactivgestavas increased in steps of two, and the
catalyst holdup was increased in two kilograms $tage so that the conversion and the
flowrate of ML improve. In the same manner, thealban of the inlet stream and the side
draw were varied to minimise the loss of ML fromttb@nds of the column. The operating
parameters were relaxed around the initialisatiainies as the separations obtained were not
sharp, and the conversion is not total. Also, thiéup ratio was set as the operating parameter
instead of the reflux ratio, as the former presg@tdarger influence over the bottom stream.
These changes were monitored with the column ofibr temperature, the liquid phase
composition in each stage and the production raed,the results of the mass and energy
balances. A sensitivity analysis of the operatiagameters allowed finding a combination
that to reach the product's target specificatiohsenreducing the ML loss.

The coupling of both columns required several tters that used the simulation results and
updated values from the mass balances that acdoumon-sharp separations. Figure S3
describes the steps used to build the simulatioAspen Plus. Specifically, the returning
stream’'s composition was updated in the esteiificatolumn, which initially did not
consider ML, as full conversion was assumed. Séverations were performed by updating
the vapour stream exiting the esterification colyamd the liquid side-stream returning to the
esterification column. Once the values did not ¢geasignificantly, the esterification column's
vapour stream replaced the hydrolysis column's tearg stream. Additional updating was
performed until the returning stream’'s parametédsndt change, so the connection was
completed. The reconciliation feature for streamé&spen Plus and estimates of temperature,
flowrate and composition for the RadFrac moduleseveetivated to facilitate the simulation's
convergence. In this manner, a previously convesieullation's initial values are in place
for a new run after a significant modification ierfprmed. More powerful convergence
methods may also be needed and tested if convergesues appear.

From the esterification-hydrolysis arrangement $aton, the distillate stream's flowrate and
composition were used in the shortcut model DSV@ltain initial parameters to set up a
rigorous model of the MeOH recovery column. Theauomh was specified with a reflux ratio
of one. The recovery of the light key component(We was set to a value close to one. A

total condenser and operation at one atmosphehenwipressure drop along the column were
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initially set. A brief sensitivity analysis was p@med to vary the reflux ratio and obtain the
corresponding number of theoretical stages. Thiypoi the MeOH stream was specified as
99 % mol. The parameters of reflux ratio, numbestafyes, feed stage and distillate to feed
ratio obtained from the shortcut model were usedniplement the rigorous distillation
column in a RadFrac module. By varying the reflakia, a design specification was set to
achieve a composition of the distillate stream @%%®mol MeOH and 1 % mol water, which
then will be recycled to the esterification section

The value of the recycle stream's flowrate was tgutlan the temporary stream located in the
mixer prior the MeOH inlet to the esterificationerglysis unit, and the makeup value was
adjusted manually to obtain a total MeOH feed edqaahe previous converged simulation.
Even though the makeup stream was adjusted witldeékgn specification, setting an initial
value closer to the “optima” value facilitated cengence. The adjustment was repeated until
there was no change in the flowrate and composiiiothe recycle stream. The reconcile
feature for streams was applied to the distilléteasn from the recovery column, which was
also declared as a tear stream. Finally, the recgtteam was connected, and the simulation
was satisfactorily run and converged. These resldtsonstrated the model's robustness to
operate with changing conditions and provided tlassmand energy balances for evaluating
the performance.

2.4 Heat integration
The stream data used for the heat integrationasemted in Table S1. Table S2 presents the
setup parameters for the utilities used in thig\gtu

3. Results and discussion
3.1 Boiling point temperatures of pure components and zeotropes at different
pressures
Table S3 presents an extended dataset of the dpgibmts of the pure compounds and the
azeotropes in the system at different pressuregadf the analysis to select the operating

temperature.
3.2 Initialisation values for the rigorous simulation

Figure S4 presents a block diagram with the irdetlet and interconnecting streams, and

Table S4 details the mass balance results obtarhed defining a liquid split ratio of 0.4
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3.3 Setup parameters and results for the sensitivity aalysis over the liquid split ratio

Table S5 indicates the setup parameters and the sensiani@jysis results where the liquid

split ratio was changed from 0.1 to 0.5 in step8.af

3.4 Mass balance and performance indicators

Figure S5 presents the process flow diagram fopteeoncentration and purification of LA.
First, the diluted LA feed entered a flash ves$el) arrangement, including a heater and a
valve. The water-rich vapour stream left the systesmile the liquid stream LA entered the
esterification column (C-1). The impurities werenved in the bottom stream of C-1. The
ML-rich stream was then fed to the reactive sectiothe hydrolysis column (C-2) while a
liquid side-draw entered the top of C-1. The LAguot was removed from the bottom of C-
2. The distillate stream from C-2 entered a datiih column (C-3) to remove excess water
and recover MeOH. Table S6 presents the flow sumrfarthe flowsheet, and Table S7
presents the design features of the main vessatslfto achieve the desired product.
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Tables

Table S1.Stream data for energy targeting

:Jﬁgg Stream name Supply t(tzgperature Target t(%rg)erature 3(1\1;/))/ S:;c:)zm
1 Feed heating 35 126 406 Cold
2 Reboiler esterification 182 183 427 Cold
3 Condenser hydrolysis 59 58 -8g9  Hot
4 Reboiler hydrolysis 106 107 448 Cold
5 Condenser recovery 66 65 -246 Hot
6 Reboiler recovery 98 99 267 Cold
7 Vapour from flash 105 100 -311  Hot

Table S2.Utilities included in the energy targeting analy§iarton, 2018)

Utility Supply temperature (°C)  Target temperature (°C)  Cost ($/kW h)

Cooling water 25 30 0.0013608
LP steam 160 159 0.016344
HP steam 250 249 0.020376

Table S3.Boiling temperatures of pure components and azpesrat different pressures (the

bold line represents the temperature limit setheydatalyst)

Component/ Boiling points at different pressures

Azeotrope Olatm O.2atm 0.3atm O4atm O5atm O0.6atm (Oafim 1 atm 3 atm
MeOH 15.67 28.60 36.80 42.95 47.91 52.10 55.74 64.53 3695
Water-DMS 45.65 59.77 68.72 75.41 80.82 85.37 89.33 98.89 132.34
ML-Water 46.01 60.22 69.22 75.96 81.40 85.99 89.98 99.62 133.46
Water 46.06 60.35 69.41 76.19 81.67 86.29 90.31 100.02 4.0%3
ML 81.92 98.35 108.85 116.75 123.16 128.59 133.32 8144. 185.8
LA-DMS 125.14 14311 1545 163 169.86 175.64 180.66 192.75 234.55
(Di-LA)-DMS 124.89 14291 15441 189.3 170.06 17598 181.13 193.61 237.43
DMS-MMS - - - - - - - - 243.62
DMS 125.24 143.61 155.43 164.36 171.63 177.81 183.21 6.319 243.63
Di-LA 150.64 167.88 178.83 187.03 193.65 199.25 204.11 5.881 257.25
LA-MMS 15459 171.12 18153 189.3 19554 200.78 205.33 216.35 -
LA 156.52 172.46 182.56 190.12 196.22 201.36 205.84 6.631 254.32
MMS 165.14 173.66 184.83 193.21 200 205.75 210.75 822.8265.82
SA 244.53 263.67 275.87 285.04 292.47 298.77 304.26 7.631 365.41
Tri-LA 272.25 291.8 304.2 313.46 320.94 327.24 332.71 9345. 391.55
Number of 5 5 5 5 5 5 5 6 5
azeotropes
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Table S4.Initialisation values from the shortcut calculasdor a liquid split ratio of 0.4

Mole LA_ MeOH Im_pu— Vapour t_o Returning Liquid to_ er:g;)qur M(-:I‘EOXCHezﬁd Concentrated
flowrate solution feed rities hydrolysis stream hydrolysis hydrolysis water LA
(kmol/h)
MeOH - 5.202 - - - - 4.140 4.140 -
Water 14.598 0.053 - 24.495 4.642 6.963 - 12.889 -
ML - - - 6.900 2.760 4.140 - - -
DMS - - 0.531 - - - - - -
LA 4.140 - - - - - - - 4.14(Q
SA 0.531 - - - - - - - -
Table S5 Setup parameters and results of the sensitiadyyais over the liquid split ratio
Test Units Test 1 Test 2 Test 3 Test 4 Test 5
Setup parameters
I\_/Izrg’lc;’zzﬁf’:guo 0.1 0.2 0.3 0.4 0.5
Pressure atm 0.5 0.5 0.5 0.5 0.5
B/F 0.021 0.019 0.018 0.017 0.015
Type of condenser none none none none none
Mass holdup per stage kg 10 10 10 10 10
npele st e as ws ws s g
Total stages 29 29 29 29 29
Rectifying stages 4 (1-4) 4 (1-4) 4 (1-4) 4(1-4) 414
Reactive stages 20 (5-24) 20 (5-24) 20 (5-24) =204 20 (5-24)
Stripping stages 5 (25-29) 5 (25-29) 5(25-29) 2%29) 5 (25-29)
Feed stage for LA 3 3 3 3 3
Feed stage for MeOH 24 24 24 24 24
Returning stream flowrate kmol/h 1.23 2.78 4.76 7.40 11.10
ML mol fr 0.37 0.37 0.37 0.37 0.37
Water mol fr 0.63 0.63 0.63 0.63 0.63
'Sl't?ggﬁrature returning oC 84 84 84 84 84
Key results tracked
MeOH feed flowrate
makeup with a design spec kmol/h 3.57 6.07 4.432 472 5.16
in the last reactive stage
Eﬂlgc)racﬂgﬁggdag‘?&ment 0.018 0.016 0.017 0.017 0.017
Top temperature °C 87.1 86.6 88.4 89.4 90.5
Bottom temperature °C 180.3 176.6 182.3 185.4 1879
Reboiler duty kw 311.1 354.5 357.9 389.1 43B.2
LA conversion % 99.54 99.96 99.40 98.94 98199
Di-LA&Tri-LA bottom mol fr 0.075 0.031 0.055 0.050 0.039
Impurities bottom mol fr 0.893 0.966 0.903 0.877 89m
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Table S6.Flowsheet stream table

Stream number 1 2 3 4 5 6 7 8 9 10 11 12 13
Temperature (°C) 35.0 126.0 105.4 105.4 105.4 30.083.1 83.0 78.2 106.9 57.6 99.2 64.7
Pressure (atm) 2.0 2.0 1.0 1.0 1.0 2.0 0.5 0.5 0505 1.0 1.0 1.0
Vapour fraction 0.00 0.51 0.55 0.00 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
Mass flow (kg/h) 1255.2 12552 12552 760.5 494.7 6.12 73.3 1200.9 79.0 4113 7106 3019  408.7
Mole flow (kmol/h) 50.00 50.00 50.00 2265 2735 8D. 054 3851 2.78 6.62 2912 16.30 12/81
Component  mole
flowrates (kmol/h)
Lactic acid 4.181 4.181 4.181 4.152 0.029 0.000 0.0 0.001 0.080 4.001 0.000 0.000 0.000
Dilactic acid 0.000 0.000 0.000 0.000 0.000 0.000.008 0.000 0.000 0.009 0.000 0.000 0.goo
Trilactic acid 0.000 0.000 0.000 0.000 0.000 0.000.000 0.000 0.000 0.000 0.000 0.000 0.900
Methyl lactate 0.000 0.000 0.000 0.000 0.000 0.000.000 4459 0.250 0.028 0.082 0.082 0.900
Methanol 0.000 0.000 0.000 0.000 0.000 0.813 0.008.778 0.119 0.000 12.758 0.075 12.683
Water 45288 45.288 45288 17.971 27.317 0.000 00.0@5.276 2.332 2579 16.275 16.147 0.128
Succinic acid 0531 0531 0531 0531 0.000 0.000.128 0.000 0.000 0.000 0.000 0.000 0.q00
DMS 0.000 0.000 0.000 0.000 0.000 0.000 0.224 (@®.000.000 0.000 0.000 0.000 0.000
MMS 0.000 0.000 0.000 0.000 0.000 0.000 0.179 (®.000.000 0.000 0.000 0.000 0.000
Component  mole
fraction
Lactic acid 0.084 0.084 0.084 0.183 0.001 0.000 0®.0 0.000 0.029 0.605 0.000 0.000 0.000
Dilactic acid 0.000 0.000 0.000 0.000 0.000 0.000.016 0.000 0.000 0.001 0.000 0.000 0.00
Trilactic acid 0.000 0.000 0.000 0.000 0.000 0.00®.000 0.000 0.000 0.000 0.000 0.000 0.900
Methyl lactate 0.000 0.000 0.000 0.000 0.000 0.000.000 0.116 0.090 0.004 0.003 0.005 0.Q00
Methanol 0.000 0.000 0.000 0.000 0.000 1.000 0.00@.228 0.043 0.000 0.438 0.005 0.9p0
Water 0.906 0.906 0.906 0.793 0.999 0.000 0.000 560.6 0.839 0.390 0.559 0.990 0.010
Succinic acid 0.011 0.011 0.011 0.023 0.000 0.000.23H 0.000 0.000 0.000 0.000 0.000 0.q00
DMS 0.000 0.000 0.000 0.000 0.000 0.000 0.412 (®.000.000 0.000 0.000 0.000 0.000
MMS 0.000 0.000 0.000 0.000 0.000 0.000 0.330 ®.000.000 0.000 0.000 0.000 0.000

Table S7. Flowsheet design results

Parameter C-1 C-2 C-3
Pressure (atm) 0.5 0.5 1
Total number of trays 25 85 30
Number of rectifying stages 8 10 15
Number of reactive stages 12 30 -
Number of stripping stages 5 45 15
Catalyst mass per stage (kg) 10.0 14218 Eﬂggg -
Maximum stage liquid holdup 0.00478*  0.00262* 0.00129
6 (LA)
Feed stage 20 21 16
(MeOH)
Condenser duty (kW) 0 889 246
Reboiler duty (kW) 427 448 267
Diameter (m) 0.67 0.57 0.33

* The liquid stage holdup corresponds to 3 % ofttital stage volume with a HETP of 0.4 m, assunairogitalyst occupancy

of 50 % of the holdup volume and a catalyst bulksity of 800 kg/m
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Figures
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Figure S1 VLE validation for the methyl lactate-methanostgm at different pressures
(solid line: predicted values;: experimental mole fraction in the liquid phaseg;

experimental mole fraction in the vapour phase)
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Figure S2.VLE validation for the monomethyl succinate-watgstem at 323.15 K (solid

line: predicted values; : experimental mole fraction of water in the liqudase)
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