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Extevnc llepiAnym

H Zuvexng Napaywyn Oapudkwy (Continuous Pharmaceutical Manufacturing, CPM) elval pia véa
HEB0SOG mapaywync evepywv GapUAKEUTIKWY cUOTATIKWY (active pharmaceutical ingredients), n omola
TPOOPEPEL CNUAVTIKA TTAEOVEKTI LATA EVAVTL TWV avTioTolywv acuvexwv (batch) diepyaociwv. Ta
TAEOVEKTN AT aUuTd adopolv otnv anmodoaon, Tnv e€0LKOVOLNGCN KOOTOUG, Tov £AeyXo TG Slepyaciag
KoL tnv achaAeta. O eKkoUYXPOVIOUOG TNG PAPUAKEUTIKNG Blopnxaviag LEGwW cuveXoUG TOPAYWYHG
amaLtel AEMTopePELEC TEXVOOLKOVOULKEG LEAETEC, OL OTIOLEG VOl KATASELKVUOUY EUdavVWC Ta
TIAEOVEKTNLATO TNG HETABAONG QUTAG.

H olvBeon og cuveyn pon tTng atpomivng kat tng Stalemdpnc, 6Uo GapPUAKEUTIKWY OUCLWY UE
VPNAEG EUMOPLKEG IWANCELG, £XEL 6N HeAeTNOel. TKOTIOC TNG Epyaciog auTn ¢ eival va epeuvnBel n
TEXVIKI], OLKOVOULKH Kot TtepLBAAAOVTIKA BLwolpotnTa tng cuvexolg Slepyaoiag mapaywyng twv Suo
dapudkwv os eupela kKAlpoka. Npog Tnv eniteuén autol Tou oTOXOoU, oL Slepyacieg povieAomolouvTal

O£ UOVIUN KATAOTAON, 0PLOTOTIOLOUVTAL KL TA ANOTEAECUOTA OvaAUOVTAL.

To Stdypappa por¢ TG atpornivng éxel Baototel otnv dnuocisuon tng Anne-Catherine Bédard®®. H
ouvBeon yivetal oe U0 otadla. ITo MpwTo otadlo, AapBAVEL Ywpa N E0TEPOTIOiNON HETALY TNG
TPoMivNG KoL Tou GpatvulakeTuALkoU YAwpldiou, TPOG ToV OXNUATIOUO TNE TPLTOTAYOUG aivn g Tou
TpomwikoL gotépa. H petatponr) autol tou otadiou sival oxedov mAnpng. 1o eUtepo otadlo,
npootiBetat udatiko StdAupa NaOH yia tnv amonpotoviwon tng apivng, kat udatikod StaAlupa
dopuardelidng yla tnv olvBeon NG atpormivng HEow aAdoALkn ¢ tpooBnknc. O Slaxwplopnog tou API
omd ta mapanpoiovta yivetal os £éva oTddlo, Pe IPooappoyr] Tou pH, WoTe n atporivn va anopovwOet
oTo UbaTIKO pELAL.

To Stdypappa porg TG Stalemdung éxel Baototel otnv Snuoocicvon tou H. Samuel Ewan® yia thv
olvBeon TG ouolag os cuveyr pon, Kal ylvetal eniong oe SUo otddla. ITo MPWTO OTASLo, TAPAYETL
pLa evéldpeon apivn amno avtidpaon akuAiwong petaft tng 5-xAwpo-2-(ueBulapivo)-Beviodatvovng
KoL Tou 2-BpwpoakeTuAkoU YAwpLdiou. 1o Seltepo otddlo, mpoatiBetal appwvia yia tThv ouvBeon TG
Stalenaung. Npiv TV MpocdnKn appwviog, mpotelvetal apaiwaon Tou pevpatog 1:4 pe SlaAltn, Adyw
™G XapnAng dtadutdtntog tng Stalemdpng. H Héylotn anddoon EMITUYXAVETAL e XPron TOAOUEVIOU w¢
SLoAUTn-dpopa. O SLaxwplopog yivetal emiong os Vo otadla. ApXLKa, amopakpUvovtal akobapaoleg
SLOAUTEG OTO veEPO, e TiPoaBnkn TIoAkoU StaAUTn (vepol ) pomuAavikng YAUKOANG). H dialemapun
glval mpakTika adladAutn oTo vePO KaL MAPAPEVEL OTO OPYAVIKO peUpA. EMeLTa, anmopakplvovTol ot
opyaviKkEC akaBapoleg, pe mpooBnkn udatikol dtalvpotog HCl kat amopovwon tou APl oto udatiko
pevpaL.

Ma tv PovieAomoinon Twv SLaypapUATWY POr ¢, AVAITTUCOOVTAL KIVNTIKEG EKPPACELG KOl
npoocappolovral os dedopéva pEow aAlvdpounonc, oxedialovral kot StactacloAoyolvral ot
avtdpaotnpeg euPoAikng pong (Plug Flow Reactor, PFR), mpocoopowwvovovtal ot Staxwplopol pacewv
MEow Tou povtéAou UNIFAC, umoloyiletal n katavoun tou APl otnv KABe GpAcon e Xpron EUMELPLKWV
oxéoewv n UNIFAC, untohoyiletal n amodoaon tng ekxUALong, oxedlalovral kat SlaotacloAoyouvtal ot
povadeg ekxUALONG LYPOU-UYPOU Kal KOOTOAOYE(TAL TO Epy0oTACLo. To KOOTOC TepAaBAveL
Aewtoupyikn damavn (Operational Expenditure, OpEx), avnyuévn otnv mapovoa aia, kal KepaAalouyxLkn
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Sdamavn (Capital Expenditure, CapEx). Qg pétpo tn¢ mepLBAAAOVTLKA G amodoong tou Kabe epyootaciou
xpnotuoroleital o mapayovtog E (E-factor), SnAadn o Adyog tng palog twv anoBANTwy npog thv pala
Tou KaBapou mpoidvroc.

o TNV 0pLOTOTOINGN TOU UOVTEAOU, OL LETAPANTEC oxeSLaouoU (OYKOL VTLOPAOTPWY, OYKOL
Sloywplotrpwy, Aoyog Stahutn mpog tpododoaia, pH ekxUALoNg) umoloyilovtal amaltwvtog thv
ghayLotonoinaon Tou cUVOALKOU KOGTOUC yLa Suvaplkotnta epyootaciouv 100 kg APl ava £tog, pe Xpovo
Twn¢ 20 €. E€etalovral Stadopa oevapla SLaAuTwY, BEPLOKPACLWY KAL TTOCOOTWY QVAKTNONG
SLaAUTN. YIIAPXEL UL LOOPPOTIL OTO KOOTOC METAEY LETATPOTNC KAl HEYEBOUC avTdpaoTthpa, KaBwg
peyalol xpovol mapapovig odnyouv og uPnAo CapEx, s€attiag avénuévou oykou eEOTALOMOU, Kal
MLKpoL xpovol mapapovng odnyouv oe uPnAd OpEx, €arttiog auEnuévwy avaykwyv o MPWTEG UAEG. H
AUon elvat euailoBNnTn OTLG TIHEG TWV MPWTWY UAWY, ELIKA TWV SLAAUTWY. To CUVOALKO KOOTOG
ennpealetal éviova amnod TNV avaktnon tou APl katd ta otadia tou Staxwplopou. H péylotn duvatn
avaktnon tou API gival cuvABwc emBupunth, KaBwe To KOGTOC TOU SLaXWPLOTAPO SEV lval ONUAVTIKO
KoL 5€V UTTAPXEL AVTLOTOLYXN LOOPPOTILAL OTIWG LLE TOUC AVTLOPAOTHPEC.

H ouveyn¢ mapaywyn TnG aTpomivng eival apkeTd amodotikn, s€attiag Twy eEapeTikd
OUYKEVIPWHEVWV 1 Kal KaBapwVv peUPATWY TTOU XpnoLgomolouvtal. H emAeKTIKOTNTA TOU Slaxwplopol
ETUTPETEL TNV eMiTeEVEN UPNANC KABaPOTNTAC, EAAXLOTOMOLWVTOC TNV OVAYKN YLa ETLITAEOV KOOApPLoUO.
H ouvexng mapaywyn Slalemapng UTO TIC CUYKEKPLUEVEG cUVONKEC avtidpacong mou HeAeTOnKav dev
elvat amodotikn, KaBwg N XaUNAn TNG SLAAUTOTNTA AMALTEL PeYAAEG TOOOTNTEG SLAAUTWV-DOPEWV KalL,
okoAoUBwC, SlaAuTwv ekxUALONG. AuTto petadpaletal os uPnAd AEITOUPYLKA KOOTN Kot uPnAd
mapdyovta E. Yapxouv wotoco evalakTikeg péBodot cuvexol¢ ouvBeong tn¢ SLOleMANG OL OTOLEG
glval utooyOpeVec.

ATIOTEAEOPUATA YIX GUVEXT] TIAPAYWYT] ATPOTILVYC

MeAetwvtal oL epMTwoelg 50% kat 70% avaktnong dtalutwy, 90% kal 95% kabBapotnTag mpoiovrog,
Kol n xprion toAouveviou, StatBulalBépa kat K-0€lkoU BouTuAiou WG SLAAUTWY EKXUALONG. TO KOOTOG
HELWVETAL Yo av€non ¢ avaktnong StaAltn. H kaBapdtnTta eLoAyETaL 0TO TTPOPBANUA WG TTEPLOPLOUAC,
Kot n anaitnon yla 90% kabapotnta odnyel xapunAdtepo KOoToG Kal tapdayovia E, Aoyw peyaAltepng
avaktnonc APL. O StaAltng pe to xapunAotepo KOOToG o€ KABe mepinmtwon kabapotntag eival To
ToAoU£vLo (6.40x10° GBP kat 6.76x10°), KaBW¢ n xpron TOU EMLTUYXAVEL TNV HEYOAUTEPN AVAKTNON KAl
EXEL TNV TIO XOUNAR TR ayopdg. MNa kabapotnta 90%, o StatBulalbépag epdavilel xapnAotepo KOOTOG
ard To K-0€lkd BOUTUALD, evw YLa 95% kaBapotnta, n oxéon autr avilotpédetal. O SLaAUTNG LE ToV
XounAotepo napayovia E yia 90% kabBapotnta elval o dtatBulaiBépag (6.8), evw yla 95% kabapotnta
gival to toAouévio (8.7). Aappavovtag untodn tnv ToglkOTNTA TwV SLAAUTWY, N XPrion Tou K-ofLlkou
BoutuAiou eival n o akivéuvn, evw n xprion tou dtatbulaBépa cuvnBwg amodpelyeTal Adyw YopnAou
onueiov avadAe€nc.

Mo 70% avaktnon SLaAutn, o BEATLOTOC XpPOVOG TIAPAROVHG OTOV 2° avTLOpaoTA PO KUOIVETOL OO
16 £wg 19 Aemta. Otav umtdpyet anaitnon ya uPnin kabopotnta, o XpOVoG TAPAUOVH AUEAVETAL, YL
va pelwBel n pala twv ouctwv mou dev avtédpacav. O BEATioTog Adyog dlalutn pog Tpododoacia
Kupaivetal and 0.4 €wg 0.8. To BEATLoTo pH meplopiletal o BAOIKEG TIUEG AOYW TNG amaitnong yla
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OUYKEKPLUEVN KaBapOTNTa, KAl AUEAVEL PE TNV KaBapotnta. Mo TNV MepimTwon pe To eAAXLOTO KOOTOG,
10 BEATLOTO pH £ival 7, mou onpaivel 0Tl o Staxwplopdg pumopet va AaBel xwpa o ouS£TEPEG CUVONKEG
Kal mlavwg va pnv amattel puBuion tou pH. MNa 50% avaktnon SLaAUTh, oL CUVONRKEG TOU SLaXWPLOUOU
Sev aMalouv onpavtikd. Qotdoo, o xpdvog MapoUoVAG oTtov avitdpaotipa ivatl uPpnAdg kal
TeplopileTal amnod 1o avw oplo Twv 24 Aemtwv. AuTto cupBaivel yia va avénBel n anoddoon kal va petwbet
n wadikn pon tng diepyaocioc. To OpEx cupBAANEL TEPLOCOTEPO GTO GUVOALKO KOGTOG OTNV MEPLMTWON
™¢ 50% avaktnong.

ATIOTEAEOPATA YIX GUVEXT] TIXPAY W YT Stalemapung

MeAetwvtal oL mepntwoelg 50% kal 70% avaktnong dtahutwy, Beppokpacieg ekyUALong 25 °C kat 40
°C, katL n xprion StaAvpatog HCl cuykévtpwoncg 3M, 4M kot 5M yia tov deUtepo Slaxwplopd. To
OUVOALKO KOOTOC aUAvel PE TNV Pelwaon TNG ouykEVTpwong Tou Stalupatog HCl, Adyw tn¢ HELOUMEVNS
avaktnong APl oto udatikd pebpa. H emidpaon tng Bepuokpaciag otV avaktnon 8V elval onUAvTIKN,
OMOTE 0 SLAXWPLOUOC Eival TPOTLUOTEPO Va Yivel oToug 40 °C, eAOXLOTOTOLWVTOC TLG OVAYKEC yLa YU En.
To eAdxLoTO KOOTOC mITUYXAveTaL He xprion HCl 5M otoug 25 °C kau eivat 33.7x10° GBP. E€attiag twv
vPnAwyv analtioswy Tng Slepyaociag o SLAAUTEG, N Lelwaon TG avaktnong dtaAutn amnod 70% os 50%
ETULDEPEL CNUAVTIKI avénon oto KooTtog. OLmapayovteg E akoAoBouv tnv (Sla Tdon e To KOOTOG Kol
gival e€apetika vPnlol, akopa Kal yia GapuakeUTIKEG Slepyaoieg, ue Tov eAdxLoTto va eival 146.

Ma OAEC TIC TIEPUTTWOELG, OL XpOVOL TTAPOLIOVI G OTOUG avTLSpaaoThpeg odnyolvtal ota avw opta (1
Aento, 0.64 Aemtd) Kat o BEAloTog Adyog StaAutn mpog tpododooia kupaivetat petalv 0.25 kat 0.4. O
AOYOoG auTOC auéavel Pe peiwon ¢ ouykEvtpwong HCl, yla va avTloTaBpLoTEL f TTWon 0TV avAaktnon
API. Entiong, o Adyog au€dvel otnv nepimtwon t¢ 50% avaktnong StaAutn, KATL To onoio odnyel o
avénon TG Lodlkng pong tou SLaAUTn ekXUALONG Hev, oAAG tapdaAAnAa augavel TV avaktnon APl kot
odnyel og peiwon ¢ palkng porg tou dtaAutn-popéa. Etol, evw to OpEX aUEAVETAL ONUAVTIKA yLa
pelwon tng avaktnong Stahutn ano 70% os 50%, to CapEx pikpaivel, Adyw PELWONG TNG CUVOALKNG
padlkng pong tng diepyaocioc.
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Abstract

Continuous Pharmaceutical Manufacturing (CPM) is a modern industrial paradigm for the production of
active pharmaceutical ingredients, providing significant benefits over its batch counterpart, including
increased efficiency, cost savings, quality control and safety. The transformation of the pharmaceutical
industry requires detailed technoeconomic evaluations. The continuous flow synthesis of atropine and
diazepam, two popular drugs with high global sales, has been recently demonstrated. In this work, a
CPM flowsheet model is established and optimised for each API, featuring novel kinetic expressions
fitted to data, reactor design, separation thermodynamics, mass transfer, liquid-liquid extraction design
and costing. Several design variables are calculated by minimising the total cost for a plant with capacity
of 100 kg APl per annum and a lifetime of 20 years. Different solvents, temperatures and solvent
recovery percentage cases are considered. The results are then analysed in order to demonstrate the
feasibility of the plants. It was found that the continuous production of atropine is efficient, achieving
low operational cost, wastage and E-factors, and yielding high purity. The continuous production of
diazepam is not efficient, based on continuous flow chemistry used in this work, as it results in excessive
solvent use. There are however promising alternative methods for its continuous production.
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1 Introduction

Until recently, the majority of the pharmaceutical industry relied on batch manufacturing. While batch
processes have advantages such as less expensive construction and start-up costs, equipment flexibility
and the ability for batch recall, they suffer from large equipment capacities, reduced heat and mass
transfer efficiency, poor scaling, quality errors and high waste generation. It is estimated that the
pharmaceutical industry wastes $50 billion a year due to inefficient manufacturing?. This, along with the
recent shortage in drug supply in the US? and the increasing R&D costs® are driving companies to adopt
more efficient production methods.

Continuous pharmaceutical manufacturing, a new production paradigm, could be the solution to the
current inefficiencies of the pharmaceutical industry; it allows for a significant reduction in capital and
operating costs, manufacturing footprint, waste and downtime, while also increasing the speed to the
market. Pharmaceutical firms who implement a continuous manufacturing method could save between
40 and 50 percent in CapEx and OpEx. Of course, cost alone would not matter if continuous manufacturing
compromised quality: the high degree of control required for maintaining product quality can only be
realised in a steady state, by applying QbD principles.

Recent advances in continuous flow chemistry have enabled the continuous synthesis of a variety of
active pharmaceutical compounds (APIs) in various scales*®. One of the benefits of using micro-reactors
is the access over new processing windows, allowing for the operation at high pressure and temperature’,
while minimising safety hazards®. In addition, there has been investigation of new synthetic routes in
continuous flow, involving solvent-free conditions using neat or molten reagents®. Around 30-50% of the
current batch processes can be converted to continuous while offering benefits over the batch mode.
Some manufacturers have already invested in this new technology. In 2015, Janssen became the first
company to be approved by the FDA to switch from batch to continuous manufacturing for the HIV drug
Prezista’*. However, due to the current business model of pharma and the prevailing regulatory
environment, this shift is slow and requires research conclusively highlighting the benefits of CPM.

Process modeling and simulation are fast and low-cost methodologies for evaluating the feasibility
and viability of CPM processes, while also allowing for optimisation. As the projected savings largely
depend on reactor and separation design, it is essential to model reaction kinetics from continuous-flow
chemistry data and analyse mixture thermodynamics for API purification. A previous study has explored
and optimised the performance of continuous synthesis and separation design for ibuprofen by
minimizing the total cost of the CPM processes over a certain plant lifetime®®. Dynamic models have also
been developed that allow for plant-wide optimisation!®’. Until now, there have been few
demonstrations of end to end CPM processes!®!!, Further research needs to be done on continuous
purification and downstream processing of chemical compounds, as the current solutions and modelling
tools are limited'**3.

An important APl the production of which can be converted from batch to continuous is atropine.
The drug belongs to the class of compounds known as alkaloids and is commonly administered as atropine
or its salt, atropine sulphate. It is used for saliva, sweat and mucus secretion, pupil dilation, to treat
bradycardia and as an antidote for poisoning with organophosphate nerve toxins, like sarin. Atropine
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occurs naturally in the plant Atropa belladonna, from which it was first extracted in crystal form in 1831.
It was first synthesised by Richard Willstatterm (Nobel, 1915) and the most common synthetic route
involves the reaction of tropine with tropic acid, in the presence of hydrochloric acid. However, currently
known processes for synthetically producing atropine or atropine sulfate suffer from a number of
disadvantages that make the synthesis impractical on a commercial scale. This is primarily due to the
inefficiency of the reactions involved. For that reason, natural product extraction is still preferred over
chemical synthesis as an industrial method of atropine production.

Another promising APl candidate is diazepam, a drug that is used for the short-term relief of anxiety
disorders and symptoms of alcohol withdrawal. It belongs to the benzodiazepine family, a group of central
nervous system depressants. First marketed as Valium in 1968, it has been one of the most prescribed
medications worldwide. After the patent’s expiration in 1985, over 500 different brands of generic
diazepam are now sold. Despite several regulatory restrictions imposed in the use of benzodiazepines
during the 90s, legitimate prescriptions of diazepam in the US increased by 6% between 2006 and 2012,
Benzodiazepines are still considered first line treatment for most other anxiety disorders and phobias.

The aim of this work is to evaluate the technical, economic and environmental performance of the
continuous manufacturing of these two APIs: atropine and diazepam. Towards this objective, the steady-
state flowsheet model of both processes is developed and optimised, based on the demonstrated
continuous flow synthesis in the literature!®?°, Novel kinetic expressions are formulated, parameters are
estimated with regression analysis and plug flow reactor design is conducted. For the purification stages,
both experimental and theoretically derived solubilities and distribution factors are used. The liquid-liquid
extraction efficiency is then modelled and the recovery of the APIs is calculated. The model is costed taking
into consideration CapEx and Opex, while environmental efficiency is evaluated using the E-factor. Finally,
the model is optimised under different cases and constraints. The results with the mass balances are
presented and discussed for a plant capacity of 100 kg API per year.

2 Process modelling

2.1 Flowsheet development

2.1.1 Atropine

Continuous-flow synthesis of atropine in micro-scale has been demonstrated twice by the same group,
first by Chunhui Dai?! and later by Anne-Catherine Bédard'®, who optimised the process. The reported
synthesis of atropine begins with the esterification reaction between tropine and phenylaceyl chloride, to
give the tertiary amine of tropine ester. AlImost total conversion is achieved in this reaction. Next, aqueous
solution of NaOH is added to deprotonate the amine of the ester and give tropine ester. Finally, an
aqueous solution of formaldehyde is added for the aldol addition reaction, to give atropine. The authors
also explore the separation of atropine from the byproducts, based on their pKa difference, by adjusting
the pH of the aqueous solution during the liquid-liquid extraction.
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Figure 1. Atropine synthesis and purification process flowsheet.
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2.1.2 Diazepam

Continuous-flow synthesis of diazepam has been demonstrated by H. Samuel Ewan et al?°. It begins with
the N-acylation reaction of 5-chloro-2-(methylamino)benzophenone with 2-haloacetyl chloride, giving an
intermediate amide. Next, ammonia is added for the cyclization reaction, which gives diazepam. The
reactants are dissolved in toluene, NMP or ACN, while ammonia is dissolved in methanol. Due to the low
solubility of diazepam after the addition of ammonia/methanol, the authors suggest an extra 1:4 dilution
step with the solvent before the second reaction. The highest yield is achieved with the use of bromoacetyl
chloride as reactant and toluene as solvent. Two liquid-liquid extractions are then employed, in order to

remove inorganic and organic impurities.
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2.2 Reaction scheme and kinetics
2.2.1 Atropine

HCI HCI
Me-N -N -N
(a) "™ o ° Ve E +NaoH M Eq
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Figure 3. Reaction path for the synthesis of Atropine: (a) Esterification of phenylacetyl chloride 8 with
tropine 9 to form the tertiary amine of tropine ester 15, (b) Deprotonation of the amine of tropine ester
15 to form tropine ester 10, (c) Aldol (H,CO) addition on the tropine ester 10 to form atropine 12, (d)
Degradation of atropine 12 to apoatropine 11.

In the first reactor, the esterification of phenylacetyl chloride 8 with tropine 9 forms the tertiary amine of
tropine ester 15. This reaction not modelled in this study, due to lack of experimental data. Its conversion
is assumed to be 99% under the same conditions as in the original continuous experiment.

The effluent stream of the first reactor is mixed with NaOH, to deprotonate the amine into tropine
ester 10. This reaction is considered to be instant and to full extent, as it is an acid-base reaction. In the
second reactor, formaldehyde is added to 10 to form atropine 12. This reaction is catalyzed by NaOH and
two candidate mechanisms are suggested. The first is the simple mechanism, completed in the following
steps?2:

a. 104+ 0H™ & 10~ + H,0
b. 10~ + H,CO - 12~
c. 12~ +H,0—> 12+ OH"

The steady-state approximation for the intermediates yields:

—T10 = k102C10Chyc0 (1)

However, when catalytic amounts of base (NaOH) are used, it is reported that the deprotonization of 10
happens when interacting with the anion of 12?1, So, the first step becomes:

a. 10+127 107 +12
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And the steady-state approximation for the intermediates yields:

C10CH,CO
~T10 = Koz C10,0—C10 (2)

Finally, atropine 12 is partially converted to apoartopine 11, under an equilibrium process?:

C
Keq =0 (3)

2.2.2 Diazepam

(a) “NH O L o

a

D #*. -,
Cl
1 2,X=Cl, Br

Figure 4. Diazepam synthesis reaction path: (a) N-acylation of 5-chloro-2-(methylamino)benzophenone 1
with 2-haloacetyl chloride 2 giving amide 3, (b) Cyclization of amide 3 to give Diazepam 4.
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Figure 5. Diazepam synthesis side reactions: (a) N-acylation of 1 to 5, which cannot yield Diazepam 4, (b)
Formation of byproduct 7 from 5, (c) Hydrolysis of Diazepam 4 to byproduct 6.
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In the first reactor, an amidation reaction between 5-chloro-2-(methylamino)benzophenone 1 and
bromoacetyl/chloroacetyl chloride 2 yields intermediate 3. The three candidate expressions for this
reaction are:

1 = ky01C1C; (4)
1 = Kk201Cy (5)
11 = kyo1 (6)

for second-order, first-order and zeroth-order kinetics, respectively.

In the second reactor, ammonia is added to cyclise intermediate 3 into diazepam 4. The three candidate
expressions are:

13 = k302C3CNp, (7)
T3 = kg02(3 (8)
3 = kao2 (9)

for second-order, first-order and zeroth-order kinetics, respectively.

2.3 Kinetic parameter estimation and PFR design
The residence time of a plug flow reactor is calculated using the integral form of the molar mass balance:

T=Cp [ (10)

0 —rj

where subscript i denotes the reactant species, ¢; ¢ is the initial concentration of i, x is the conversion of
i and r; is the rate of disappearance of i.

When the required conversion and the rate law of the reaction are known, the volume of the reactor is
calculated as:

V=Q-t (11)

where @ is the volumetric flow through the reactor, estimated as:

Q=ym (12)

P

where m, is the mass flow of i through the reactor and p; is the density of i. The effects of temperature
and mixing on volume are out of the scope of this study and have not been considered.

When continuous-flow experimental data of product composition at different residence times is available,
the RHS of eq. (10) is plotted against time, which results in a linear correlation with slope k:

kT = y(x) (13)
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Different rate expressions are tested to determine the order of each reaction, using the coefficient of
determination (R?) as a measure of the goodness of the fit.

2.3.1 Atropine

For the continuous-flow synthesis of atropine 12, data published by Bédard et al is used'®. The
esterification step is conducted at 100 °C, for varying residence times (10, 7.5, 3.5 minutes), using 9 (2M
in DMF), varying equivalents of 8 (1.00, 1.05, 1.10) and varying concentrations of 8 (2.0 M in DMF solution,
7.6 M neat). When using a neat 8 stream and a 9 stream near saturation point, 99% conversion is achieved
for residence times greater than 3.5 minutes.

The aldol addition step is conducted at 100 °C for varying residence times (8, 24 minutes), using 6
equivalents of H,CO in 37% w/w ag. solution, varying NaOH concentrations (1, 3 M) and varying NaOH
equivalents (1.2, 3). The highest yield is achieved when using 1.2 equivalents of NaOH 3M solution.

For the formation of the amine of tropine ester 15, the experimental data does not suffice for the
derivation of a kinetic expression. The minimum residence time for which 99% conversion is obtained is
used for calculations:

T101 = 3.5 min ( 14)

For the conversion of tropine ester 10 to atropine 12, both non-catalytic and catalytic rate expressions
are plotted against time. Pseudo-first-order (1% in 10, 1% in formaldehyde, -1%" in 12) reaction is the most
plausible (R?=0.8855), compared to second-order reaction (R2=0.7569). This result confirms the catalytic
mechanism hypothesis for the aldol addition reaction, with k;,, = 0.0061 min.

The PFR design equation becomes:

dx

ClO,O(1—x)(CH2C0,O_C10,0x)
C10,0%

X
T102K102 = C1o0,0 J, (15)

Eg. (15) cannot be solved analytically for x, so numerical integration is used.

For the degradation of atropine 12 to apoatropine 11, it is observed that the experimental ratio

ofﬁ is almost identical for residence times of 8 and 24 minutes. Thus, it is assumed that the equilibrium
12

process is fast, and the constant is calculated from the ratio of the two compounds:

Keg = 22 = 0.64 (16)

12
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Figure 6. Kinetic parameter estimation from  experimental data for reaction
10 + H,CO — 12 (100 °C)

Table 1. Atropine synthesis reaction summary as a basis for reactor design

R-101 R-102 R-102 R-102
Reaction 8+9-15 154+ NaOH - 10 10+ H,CO0->12 1211
Reaction type Esterification (full) Acid-Base (full) Aldol addition Equilibrium
Reaction order - Instant pseudo-1°% -
Reactor temperature (°C) 100 100 100 100
Rate/equilibrium constant - - 0.0061 min* 0.64
R? - - 0.886 -

2.3.2 Diazepam

For the continuous-flow synthesis of diazepam, data published by Ewan et al is used?°. The intermediate
synthesis step is conducted at 75 °C, for varying residence times (1, 2 minutes), using different solvents
(toluene, ACN). The diazepam synthesis step is conducted at varying temperatures (100, 110, 120, 130,
140, 150 °C), for varying residence times (0.32, 0.64 minutes), using different solvents (Toluene, ACN,
NMP). The highest yield is achieved when using bromoacetyl chloride as reactant, at 75 °C for the first
reaction and 120 °C for the second reaction, and toluene as the common solvent. For this case, the
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composition of the product contains only traces of byproducts 5, 6, 7, so all side-reactions occurring at
these conditions can be considered negligible.

The full continuous-flow experiment described does not provide enough data for the synthesis of
the intermediate 3, so data from the microfluidic one-step synthesis of intermediate 3 is used. The one-
step experiment is performed for temperatures of 50, 100, 150 °C, residence times of 30, 60, 180 seconds
and different solvents (Toluene, ACN). For residence times between 60 and 180 seconds, high
concentration of byproduct 6, regardless of temperature. This suggests that hydrolysis of the product
occurs at high residence times. Consequently, data at 180 seconds is not considered for the purpose of
regression.

For temperatures higher than 50 °C, there is formation of reactant 1 and consumption of
intermediate product 3 after 30 seconds. This observation suggests the existence of side-reactions at high
temperature conditions, and thus only data at 50 °C can be used for rate constant estimation for the
assumption of negligible side-reactions to be valid.

For the synthesis of intermediate 3, both second-order (first-order in 1, first-order in 2) reaction
(R? = 0.9838) and first-order in 1 reaction (R? = 0.9737) are plausible, compared to zeroth-order reaction
(R?2=0.8514). The single-step mechanism of acylation and the fact that the concentrations of the reactants
are equal for this experiment imply that second-order rate is the most plausible, with k,4, =117.87 L mol

Ymin™.

The PFR design equation for equal and non-equal initial concentrations becomes respectively:

1 1
k01T == (17)
201201 C1,0(1—x) Cl,O
_ 1 (C2,0—C1,0%1)C10
k2017201 = — ln[ — (18)
C2,0—C10 C1,0(1-x1)C20

For the kinetics of the synthesis of diazepam from intermediate 3, complete conversion of 1 to 3
is assumed for the first step. Both second-order (first-order in 3, first-order in ammonia) reaction (R% =
0.9890) and first-order reaction (R* = 0.9855) are plausible, compared to zeroth-order reaction (R? =
0.9133). Given the small molecular size of ammonia compared to that of 3, and the 7-fold excess of
ammonia, it is reasonable to assume that the rate is not affected by the concentration of ammonia, thus
a first-order reaction is implemented, with k,, = 2.1194 min™.

The PFR design equation becomes:

1
1-x,

) (19)

k2027202 = In(
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Figure 7. Parameter estimation from experimental data for diazepam synthesis reactions. (a) Reaction
1+ 2 — 3(50°C), (b) Reaction 3 + NH; — 4 (120 °C).

Table 2. Diazepam synthesis reaction summary as a basis for reactor design

R-201 R-202
Reaction 1+2-3 3+ NH; - 4
Reaction type N-acylation Cyclization
Reaction order 2 1
Reactor temperature (°C) 50 120
Rate constant 117.87 (L mol'* min?) 2.119 (min?)

2.4 Separation thermodynamics

The product streams exiting the reactors are binary systems contain the APl and a number of other
dissolved solutes. In order to purify the product, continuous liquid-liquid extraction (LLE) is implemented.
The ternary liquid-liquid equilibria are modelled using UNIFAC. Several candidate extraction solvents are
considered for each separation. The addition of the solvent must yield two-phase mixture, and the API
must show greater affinity to the solvent than the other solutes.

When the APl is insoluble in the extraction solvent, or when the impurities exhibit the same level
of solubility as the API, then acid-base extraction is considered. In acid-base extraction, a water-insoluble
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molecule is transferred to the aqueous phase, by ionising the compound (adding or removing a proton).
It used to separate organic compounds based on their pKa differences?*. In this study, both APIs behave
as weak bases.

(a) (b) N
SO

®

0 OH O

o]

chﬁ,H CHs 4

Figure 8. Protonated forms of (a) Atropine, (b) Diazepam.

The partitioning of the compounds between the two phases is calculated using the distribution coefficient:

C.
D=—>2 (20)
Ci,aq
where C; o4 is the sum of the concentrations of i in ionized and non-ionized form in the organic phase
and Cj 44 is the sum of the concentrations of i in ionized and non-ionized form in the aqueous phase.

For atropine and its impurities, the distribution coefficients against the pH of the solution are
computed in various solvents, using SPARC computational software, and are given in the original paper®.
For diazepam and other compounds, the distribution coefficients are estimated be equal to the ratio of
their solubility in the organic phase to their solubility in the agueous phase.

S.
D == (21)
Si,aq

Specifically for diazepam, it is assumed that the ionized form is insoluble in the organic phase and that the
non-ionized form is insoluble in the aqueous phase?.
The maximum recovery of each compound in the aqueous stream is then calculated as:

1
Riax,iaq = 1+ Qorg, (22)

Qaq

Where Qg is the volumetric flow of the organic stream and Q,q is the volumetric flow of the aqueous

stream.
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2.4.1 Atropine

The product stream exiting PFR Il is a binary solution of water (45%) and DMF (29%). Apart from atropine,
the stream contains several impurities; formaldehyde, byproducts (apoatropine 11, tropine ester 10) and
traces of unconverted reactants (tropine 9, phenylacetyl chloride). In order to remove the impurities,
liquid-liquid extraction is performed by adding an extraction solvent and adjusting the pH of the product
stream. The APl is then collected in the aqueous stream, while the impurities remain in the organic stream.

The computational results'® (Figure 9) show that compounds 10, 12 reside mostly in the organic
stream for pH > 6, while 12, 9 reside mostly in the aqueous stream for pH < 8. This indicates that the
separation of the API from the impurities by adjusting the pH is indeed feasible, under slightly acidic or
slightly basic conditions. Under basic conditions, it is also possible to separate 12 from 9, but the residual
amount of 9 from the synthesis process is minimal, so only one liquid-liquid extraction is enough.

(a) Diethyl ether (b) N-butyl acetate (c) Toluene
; 4 - 4 -

2 -
D 0 T T
g 6
Q5 3

4 -

-6 -

pH

Figure 9. Distribution factor profiles against pH for atropine and impurities, ———Tropine ester 10

calculated by SPARC for the systems of water and: (a) Diethyl ether (b) N-butyl  —— Atropine 12

acetate (c) Toluene. Apoatropine 11
==Tropine 9

Surrogate equations for the logarithm of the distribution coefficient for each solvent as a function of
the pH are fitted to the data and incorporated into the model. The equations are applicable only for the
pH spectrum where the separation is feasible, which corresponds to the linear slope of the logD graph,
thus further simplifying the model.

The system water-DMF-solvent is ternary and does not yield pure component phases. In order to use the
computed distribution factors for the calculation of the recoveries, the following assumptions were made:

a) The distribution coefficient is not affected by the presence of DMF in the aqueous phase, which
is equivalent to the pK, remaining constant in the aqueous phase. The pK, in the mixture of water
and DMF can be considered fairly constant when the molar fraction of DMF is low and the
ionization of the compound (weak base) does not change the total number of ions in the solution
(HB* - B+ H*) 26?7,
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logD

b) Thedistribution coefficient is not affected by the presence of water and DMF in the organic phase.
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Figure 10. Surrogate equations for the distribution factor of atropine and impurities
for varying pH, for different solvents: (a) Diethyl ether, (b) N-butyl acetate, (c)

Toluene.
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The ratio of the organic to the aqueous phase is simulated for each candidate solvent using UNIFAC,

and surrogate equations are obtained by fitting polynomial or linear functions to the results.
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Figure 11. Surrogate equations for the ratio of the volumetric flows of the organic to the aqueous phase
fitted against the solvent to feed ratio, for different extraction solvents: (a) Diethyl ether, (b) N-butyl

acetate, (c) Toluene

2.4.2 Diazepam

The product stream exiting PFR Il contains the API in a binary solution of toluene (98%) and MeOH (1%).

The stream also contains other organic (bromoacetylchloride, intermediate amide and traces of 5-chloro-
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2-(methylamino)benzophenone) and inorganic (NH3) solutes. In order to obtain pure API, impurities have
to be extracted from the stream. This is done by two continuous liquid-liquid extractions.

In the first stage, water-soluble impurities (MeOH/NH3) are removed through the addition of a
polar solvent, with the API residing in the toluene-rich phase. Due to the miscibility of toluene with most
available solvents, only water and some glycols produced the desired phase split. While propylene glycol
is considered safe for use in pharmaceutical processes, ethylene glycol and diethylene glycol are classified
as toxic materials and their use is avoided?®?°. Thus, only water and propylene glycol are evaluated in this
study.

In the second stage, organic-soluble impurities are removed by separating the API from the
organic phase. This is achieved through the addition of an aqueous solution of HCl, which protonates
Diazepam and allows its collection in the aqueous phase. Toluene is not miscible with the H,O/HCl
solution, so the separation of the two phases is possible through a gravitational separator.

The solubility of diazepam in the organic phase is calculated using UNIFAC, while experimental
values are used for the aqueous phase. The solubility of the protonated form of diazepam in the aqueous
phase is calculated using the Henderson-Hasselbalch equation3°:

10gS;aq = l0gSip + log(1 + 10PKai~PH) (23)

where S; 44 is the solubility of the protonated form, S; 4 is the intrinsic solubility** and pK, is the acid

dissociation constant3?.

The pH value of the aqueous phase is calculated by considering full dissociation of the acid:

pH = —log(ay+Cy+) = —log(ay+Cyci) (24)

where Cy; is the concentration of the solution of hydrochloric acid and a+ is the activity coefficient of
protons. A surrogate equation for the proton activity coefficient as a function of the concentration of
hydrochloric acid is derived from experimental data®® and incorporated into the model.

2.6 y =0.09x2 - 0.18x + 1.06
R?=1.00 0
22
L
+.18 o
° e
T @
4 @
1
3 3.5 4 4.5 5

HCI concentration (M)

Figure 12. Determination of surrogate activity coefficient equation for varying acid concentration.
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2.5 Mass transfer and LLE design
In order to calculate the actual recovery of each compound, the stage efficiency is calculated, by modelling
the liquid-liquid extractor as a mixer settler:

1

Ese = 9] (25)

KaV¢

+1

where Q is the volumetric flow through the tank, K is the mass-transfer coefficient, a is the liquid-liquid
interfacial area and V; is the volume of the tank.

The specific interfacial area is calculated with the assumption of spherical droplets:

_b¢
a—dp (26)

where @ is the volumetric fraction of the dispersed phase and d,, is the particle diameter.

The dispersed phase volumetric fraction is calculated using the correlation of Treybal for unbaffled vessels
with no vapour-liquid interface3:

B Poguz\ 0247 a3 \0427 26)\0430 (5% g3 0.401 11\ 00987
¢ =339 (Vta3gc) (decagc) (Ap) ( ueg ) (uc) (27)
245
p= —4ng‘*’ 4 (28)
Pm = @pa + (1 —@)p. (29)

where subscripts d and ¢ and denote the dispersed and continuous phase, m denotes the mixture, P is
the impeller power, w is the impeller speed, p is density, i is dynamic viscosity, g is the specific gravity,
o is surface tension and Qg is the volumetric flow of the dispersed phase. The system of equations has to
be solved simultaneously.

The particle diameter d,, is calculated from the Weber number:

B {O.OSZdiWe‘°'6e4‘p We < 103 (30)
P 10.39d;We~0¢ We > 103
3.2
We = 2P (31)
g
For the calculation of K, the correlation developed by Treybal for solid particles®*is used:
1
K = i+_i ( 32 )
ke kg
Shy =22 = 6.6 (33)
id

23| Page



0.62

4 12 0.17 0.36
_ kedsz _ 3 (Pgc)s Pé di Ke
Shc - Dic =2+047 |:dP ( Ve ) l/‘c] <dp> (PcDi,c> ( 34)

Where k is the phase-specific mass-transfer coefficient, d; is the impeller diameter, d,, is the particle
diameter, d; is the tank diameter, D is the diffusion coefficient.

The diffusion coefficient is calculated using the Stokes-Einstein equation:

kpT

ic = 6T Ty (35)
_ kpT
Diq = pr—— (36)

where kj, is the Boltzmann constant and r; is the molecular radius.

2.6 Environmental impact assessment
To quantify the environmental impact of the processes, the E-factor is used, defined as the mass of waste
produced per mass of product:

_ Mygste __ Mbpd+Mur+Mys+Mygpt

E = =
actor
f mapi mapi

(37)
Where:

e bpd = byproducts

e ur =unconverted reactants
e ws =waste solvent

e uAPI =unrecovered API

For the calculation of the E-factor, it is assumed that 50/70% of solvents is recycled. Water is generally
excluded from the calculation, because it leads to very high E-factors®>. However, for the evaluation of
diazepam purification, the total contribution of the hydrochloric acid solution is considered (including
water and hydrochloric acid), due to its acidity and the environmental hazards it poses.

2.7 Costing
The Free-on-Board (FOB) is calculated using a cost-capacity correlation for the equipment®’. The Chemical
Engineering Plant Cost Index (CEPCI) is used to account for inflation.

M CEPCIg
CEPCly4

Ca = £Ca () (38)

Sa

Base costs and the parameters of the FOB correlation for each unit are given in Table 4 and Table 6 for
atropine and diazepam, respectively.

The Battery Limits Installed Cost (BLIC) is calculated using the Chilton method®®. The installed
equipment cost (Ce) is 1.43 times the FOB. Process piping and instrumentation (Cppi) costs are 42% of C.
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The sum of Ce and Cep gives the total physical plant cost (Cree), to which an engineering and construction
factor of 0.3 is added, giving the BLIC.

C,z = 143FOB (39)
Cpp; = 0.42C;g (40)
Crpp = Cig + Cppy (41)
BLIC = 1.3Cypp (42)

Working capital costs (Cwc) are estimated as 3.5% of annual material cost. Contingency costs (Ccont)
are estimated as 20% of the BLIC.

Cwe = 0.035Cq (43)
Coons = 0.2BLIC (44)
Cwee = Cwe + Ceont (45)

The capital expenditure (CapEx) is calculated as the sum of BLIC and Cwcc:

CapEx = BLIC + Cyc (46)

The materials cost (Cmat) is calculated as the product of the required feed mass with the
corresponding purchased price. Material prices are summarised in Table 3 and Table 5 for atropine and
diazepam, respectively. The cost of utilities (Cu) is estimated as 0.96£/kg of material input and the cost of
waste disposal (Cwa) is estimated as 0.35£/L of waste solvent®® and is calculated considering the solvent

recovery (SR).
Crmat = 2i Req;Price; (47)
Cutir = 0.96 X; Req; (48)
Cwa = 0.35 Quaste (1 —SR) (49)

The annual operational expenditure is calculated as the sum of Cat, Cutiiand Cyg.
OpEx = Cpar + Curit + Cyq (50)
The total cost is calculated as the sum of CapEx and inflation-adjusted OpEx:

T OpEx

Total cost = k=1711)k + CapEx (51)

A lifetime (1) of 20 years, a constant interest rate (i) of 5% and the capital expenditure happening during
the first year are assumed.

25| Page



2.7.1 Atropine

Table 3. Material prices for atropine synthesis and purification

Material Price (£/kg)
Tropine 169.09
Phenylacetyl chloride 54.88
Formaldehyde 3.78
NaOH 0.27
Water 0.60
DMF 3.15
Diethyl ether 13.64
N-butyl acetate 4.32
Toluene 3.92
Table 4. Equipment cost basis for atropine synthesis and purification
Equipment type Year CA f n Basis SA Units
PFRI 2014 103208 1.0106 1 mL 80 1
PFR II 2014 103208 1.0106 1 mL 80 1
LLE 2007 21000 1.1033 0.27 L 1 1
Cooler 2018 4597 - - L/min 21 1
Pump 2015 958 - - L/h 75 5
2.7.2 Diazepam
Table 5. Material prices for diazepam synthesis and purification
Material Price (£/kg)
5-Chloro-2-(methylamino)benzo-phenone 11.70
Bromoacetylchloride 281.05
Toluene 3.92
NH3 7M in MeOH 96.39
Water 0.60
HCl aq. solution 4.13
Table 6. Equipment cost basis for diazepam synthesis and purification
Equipment type Year CA (£) f n Basis SA Units
PFR 2014 103208 1.0106 1 mL 80 1
PFR I 2014 103208 1.0106 1 mL 80 1
LLE | 2007 21000 1.1033 0.27 L 1 1
LLE Il 2007 21000 1.1033 0.27 L 1 1
Cooler 2018 4597 - - L/min 21 2
Pump 2015 958 - - L/h 75 6
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3 Results
3.1 Mass balances

Table 7. Mass balances for atropine synthesis and separation at key points. Capacity = 100 kg API/year.

Stream (kg/yr)

Component F-103 F-105 F-106  F-107  F-108  F-109  F-110  F-112  F-113
Tropine 9 127.6 0.0 0.0 1.3 13 0.0 1.3 1.2 0.1
Phenylacetyl chloride 8 123.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
Ester 10 0.0 0.0 0.0 115.2 45.1 0.0 45.1 5.5 39.6
Formaldehyde 0.0 0.0 162.7 162.7 143.5 0.0 143.5 143.5 0
Atropine 12 0.0 0.0 0.0 0.0 112.9 0.0 112.9 100.0 12.9
Apoatropine 11 0.0 0.0 0.0 0.0 68.1 0.0 68.1 4.5 63.6
Sodium hydroxide 0.0 43.4 0.0 43.4 7.2 0.0 7.2 7.8 0
Water 0.0 361.6 277.0 654.9 654.9 0.0 654.9 611.1 43.8
DMF 426.6 0.0 0.0 426.6 426.6 0.0 426.6 101.3 26.6
Toluene 0.0 0.0 0.0 0.0 0.0 898.0 898.0 122.0 776.0

Table 8. Mass balances for diazepam synthesis and purification at key points. Capacity = 100 kg API/year.

Stream (kg/yr)

Component F-203 F-207 F-208 F-209 F-210 F-211 F-212 F-213 F-214
>-Chloro-2- 159.0 2.7 2.7 0.0 0.0 2.7 0.0 0.0 2.7
(methylamino)benzophenone 1
Bromoacetylchloride 2 203.6 29.2 29.2 0.0 0.0 0.0 0.0 0.0 0.0
Intermediate 3 0.0 369.9 60.1 0.0 60.1 0.0 0.0 0.0 0.0
Ammonia 0.0 77.0 69.0 0.0 53.0 16.0 0.0 1.0 15.0
Toluene 10210.0  44508.0  44508.0 0.0 4008.4  40499.6 0.0 5.2 40494.4
Methanol 0.0 435.4 435.4 0.0 3345 100.9 0.0 94.6 6.3
Diazepam 4 0.0 0.0 134.4 0.0 0.0 134.4 0.0 100.0 34.4
Water 0.0 0 0 20587.55 20573.65  13.9  10721.86 1070856  13.3
Hydrochloric acid 0.0 0 0 0.0 0 0 1.8 1.8 0
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3.2 PFRdesign

Reactors are sized based on the computed mass balances and the optimal residence times, for a plant
capacity of 100 kg per annum. The reactor volumes obtained are small, which highlights the compactness
of continuous pharmaceutical processes. Tube reactor lengths are calculated for various internal
diameters. Typically, a large ratio of length to diameter is preferred to achieve mass and heat flow
uniformity.

3.2.1 Atropine
For the first reactor, an I.D. of 3 mm is sufficient, since the rate of the reaction is high. For the second
reactor a larger I.D. is more practical, due to the high residence time.

Table 9. Atropine synthesis PFR characteristics as the result of the optimization

Reactor Residence time Conversion Volume Internal diameter Length
(min) (%) (mL) (mm) (mm)
3 633
6 158
R-101 3.5 99 4.5 12 40
18 18
3 6444
6 1611
R-102 16.2 72 45.6 12 403
18 179

3.2.2 Diazepam

Despite the lower residence times of diazepam synthesis compared to that of atropine, the reactor
volumes computed are larger. This is due to the high mass throughput of the process, and the use of I.D.
larger than 3 mm is suggested to avoid excessively lengthy reactors.

Table 10. Diazepam synthesis PFR characteristics as the result of the optimization

Reactor Residence time Conversion Volume Internal diameter Length
(min) (%) (mL) (mm) (mm)
3 3794
6 949
R-201 1 98 26.8 1 J37
18 105
3 9834
6 2458
R-202 0.64 74 69.5 1 615
18 273
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3.3 LLE design

3.3.1 Atropine
Having pure organic and aqueous phases is highly desirable, since it results in better partitioning between

water soluble and water in-soluble compounds, while also ensuring the validity of the theoretical
distribution factors, calculated for pure solvents, which are used for mixed solvents in this study.

The molar fraction of DMF in each phase is less than 15%, which is considered low enough,
especially when translated into volume fraction. With the use toluene, it is possible to generate two
virtually binary phases (toluene-DMF, water-DMF), due to the high immiscibility between water and
toluene. Diethyl ether and n-butyl acetate yield less pure streams.

0 = 100 0 = 100 ® S:F=0.25
(a) 10 90 (b) 10 # X 90 S:F=0.5
20 80 20 # % 80 ®S:F=0.75
Diethyl Y 60 Sy 50 owF :zi : i 5
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ether 50 50 # X 50 ®SF=2
60 X 40
70 30
80 == X 20
90 / X 10 90 F 0@ 0%
100 +4— : ——% 0 100 +—<F— ~ ————* 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Water Water
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(c) 90 Figure 13. Liquid-liquid equilibrium phase diagrams for
20 80 different solvent to feed ratios and candidate extraction
30 70 solvents: (a) Diethyl ether (b) N-butyl acetate (c) Toluene.
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Figure 14 shows that the recovery for all compounds decreases with increasing pH, while purity
generally increases. Although the concentration of tropine 9 in the product stream is not significant, the
recovery of the APl in the aqueous phase for high pH values is so small that the concentration of tropine
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9 becomes of the same magnitude with that of atropine 12, and the purity decreases. This is also the
reason that the oscillations of purity become more imminent at high pH values. The optimum pH for the
operation of the LLE is between the maximum of the recovery and the maximum of the purity, which is
for pH = 6-8.

Toluene performs the best in terms of recovery, while also achieving the highest purity (97%)
among the three candidate solvents. This result is attributed to both the phase equilibrium properties of
the system water-DMF-toluene and the properties of toluene as solvent. With water being virtually absent
from the organic stream, the aqueous stream is bigger in volume, which yields a high API recovery. In
addition, the distribution coefficient of atropine for pH>6 is low in toluene, which results in more API
residing in the aqueous phase. Diethyl ether has lower distribution coefficients values, but also yields
smaller volume aqueous streams for high solvent to feed ratios, thus resulting in decreased recovery. As
a result, diethyl ether performs well only at low solvent to feed ratios.

(a) Diethyl ether (b) N-butyl acetate
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(c) Toluene
100 Recovery, S:F = 0.25
g ® _f ——Recovery, S:F =1
g:_g 60 - ——Recovery, S:F=2
35 Mass fraction, S:F =0.25
£ Qo
“ = 40 1 —— Mass fraction, S:F =1
<
20 - —— Mass fraction, S:F =2
0 T T T T T T T T 1

3 4 5 6 7 8 9 10 11 12
pH

Figure 14. Theoretical APl recovery in the aqueous phase and API purity (% mass) for different pH values,
solvent to feed ratios and extraction solvents: (a) Diethyl ether (b) N-butyl acetate (c) Toluene.
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Figure 15 shows that the behavior of stage efficiency is similar for all solvents, with the optimal
solvent to feed ratio being close to 0.5. The solvents decrease in efficiency with increasing surface tension
and viscosity, which explains the higher efficiency exhibited by diethyl ether, followed by toluene, and n-
butyl acetate last. For adequate residence times, high efficiency (90%) is achieved for all cases.
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(c) Toluene Figure 15. Stage efficiency for varying LLE tank

volume and solvent to feed ratio, for different

solvents: (a) Diethyl ether, (b) N-butyl acetate,
(c) Toluene
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3.3.2 Diazepam
The performance of the first separation decreases with increasing temperature, as the binodal curve
becomes smaller, thus resulting in less pure phases. This happens due to the miscibility between the

organic compounds (methanol-toluene when using water, methanol-toluene-propylene glycol when using
propylene glycol) increasing with temperature.
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When using water as solvent, it is possible to generate two virtually binary phases; an organic
phase, rich in toluene with small amounts of water, and an aqueous phase containing methanol. Toluene
and water are immiscible, so the amount of waste toluene containing the API in the aqueous phase is
negligible, given the conditions of the feed. When using propylene glycol as extraction solvent, the
composition of the waste stream is a ternary mixture of the solvent, methanol and toluene. The
composition of the waste stream suggests that it will contain dissolved API. The organic stream does not
contain any propylene glycol, which would complicate subsequent separations.
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Figure 16. Liquid-liquid equilibrium phase diagrams for two temperatures (25, 40 °C) and candidate
extraction solvents: (a) Water, (b) Propylene glycol.

For the separation of water-soluble impurities, Figure 17 shows that by increasing the solvent to

feed ratio, the percentage of methanol removed from the organic stream increases. For water, the
theoretical recovery is higher than propylene glycol, but this difference becomes less accented at higher

ratios.
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Due to the very low miscibility between toluene and water, the amount of toluene with dissolved
APl being transferred to the aqueous phase is negligible. In addition, due to low solubility of the APl in the
aqueous phase, the amount of API being transferred to the aqueous phase is also negligible. Thus, 100%
of the APl will reside in the organic stream after the first separation when using water as solvent.

When using propylene glycol, there is a significant amount of API residing in the waste stream,
which results in lower recovery. The recovery further decreases with increasing solvent to feed ratio, due
to the volume of the waste stream increasing. Water presents overall better performance than propylene
glycol and has no toxicity. Since propylene glycol does not present any benefits, water is considered as
the only extraction solvent for the separation of water-soluble impurities.

(a) Water (b) Propylene glycol
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Figure 17. LLE-1 theoretical methanol removal and API recovery for various = Methanol, T =25 °C
solvent to feed ratios for extraction solvents: (a) Water (b) Propylene glycol. mmm Methanol, T = 40 °C
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For the separation of water-insoluble impurities, there is inevitable loss of API to the organic
stream, which is the waste stream. As shown in Figure 18, the recovery of the APl in the aqueous stream
increases with both increasing solvent to feed ratio and acid solution concentration. The latter is expected
by the Henderson-Hasselbalch equation, which predicts that the solubility of the cation of the APl in water
is higher for lower pH values.

It can be seen that for low solvent to feed ratios, strongly acidic conditions are required for a
decent API recovery, while for higher solvent to feed ratios the effect of the pH becomes less significant.
The ability to operate at more moderate pH conditions is highly desirable.
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Figure 18. LLE-2 theoretical API recovery (%) in the aqueous stream for EHCI3M ®HCI3M
different solvent to feed ratios, HCl solution concentrations and operating
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In Figure 19, the first efficiency diagram depicts the transfer of methanol from the organic into the
aqueous stream, while the second diagram depicts the transfer of atropine from the organic into the
aqueous stream. The efficiency of the first separation is higher. This is expected, since methanol is a
smaller molecule than diazepam, which facilitates the diffusion. Again, the optimal solvent to feed ratio
is around 0.5 and the efficiencies are high for all cases for adequate residence times.
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Figure 19. Stage efficiency for varying LLE tank volume and solvent to feed ratio, for the two separations:
(a) S-201 (using water), (b) S-202
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3.4 Economic and environmental analysis

The two processes are modelled and optimised with respect to several design variables: reactor volumes,
separator volumes, solvent to feed ratios and separation pH values. The non-linear optimisation problem
is solved for each API for two solvent recovery cases (50% and 70%), by minimising the total cost. The
problem is formulated on MATLAB and solved using the interior point algorithm. For the atropine process,
two different product purities are considered, implemented as constraints to the problem. For the
diazepam process, two different separation temperatures are considered.

There is a trade-off between conversion and reactor size, as large residence times tend to increase
the CapEx due to larger capacities and low residence times tend to increase the OpEx due to higher
material input requirements. The solution is sensitive to material prices, especially for those materials
with high throuhput, such as sovlents. CapEx and Opex are closely associated with API recovery in the
separation process, as a decrease in recovery leads to an increase in materials and reactor dimensions.
Maximum recovery is always desired in the separation stage, as the cost of the liquid-liquid extraction
unit is insignificant.

3.4.1 Atropine

The minimal total cost achieved for 70% solvent recovery is 6.40x10°> GBP for 90% purity and 6.76x10°
GBP for 95% purity, and it corresponds to the use of toluene as extraction solvent. High purity is desirable,
as it minimises the downstream processing requirements. When higher purity is demanded, both the total
cost and the E-factor increase, due to the recovery decreasing.

The cost effectiveness of toluene is expected, as it exhibits high APl recovery, while also having
the lowest price among the three solvents. Having a higher price but better extraction performance,
diethyl ether has a higher cost than toluene but lower than that of n-butyl acetate for the low purity case.
However, the cost of diethyl ether is the highest among the three solvents for the high purity case. This is
a result of the imposed purity constraint, which drives the recovery at lower values.

The lowest E-factor is achieved when using diethyl ether (6.8) for low purity, followed by toluene
and n-butyl acetate. This result better reflects that diethyl ether is the most efficient solvent with a soft
purity constraint. Again, diethyl ether is characterised by the highest E-factors for the high purity case,
followed by n-butyl acetate and toluene.

For 70% solvent recovery, the optimal reactor residence time ranges between 16 to 19 minutes,
being slightly higher for high purity, to reduce the mass of the unreacted reagents in the product stream.
The optimal solvent to feed ratio ranges between 0.4 and 0.8. The optimal pH is limited to basic values by
the purity constraint, and it increases with increasing purity. It is worth noting that for the lowest cost
case, the optimal pH is found to be 7, which means that the separation can take place in neutral conditions
and may not require further pH adjustment other than a neutralisation.

The same trend is followed when 50% solvent recovery is assumed. Since the OpEx constitutes
most of the total cost, all of the problems converge to solutions that are characterised by high separation
API recovery. However, for 50% solvent recovery, the problem converges to higher residence times for
the reactors, often bound-limited, in order to increase the yield and reduce the total mass input of the
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process. The OpEx compromises a larger portion of the total cost, due the increased material cost, while
the CapEx is not remarkably increased.

The E-factors achieved are small, in the range of fine chemicals. This is due to the use of
concentrated streams throughout the process and the assumed partial recovery of the carrier and
extraction solvents. However, another important criterion for solvent selection is its toxicity. N-butyl
acetate is the less toxic solvent of the three, listed as Class 3 solvent by the FDA, meaning it poses no
known risks to human health. Toluene and diethyl ether are both listed as Class 2 solvents due to their
inherent toxicity and their use should be limited in pharmaceutical products*’. Especially the use of diethyl
ether is avoided due to its high volatility and low flash point (-45 °C).

3.4.2 Diazepam

The minimal total cost achieved for 70% solvent recovery is 33.7x10° GBP with the use of 5M HCl solution,
at 25 °C. The total cost increases with decreasing acid solution concentration, due to the API recovery of
the separation decreasing. The recovery decreases with increasing temperature due to the solubility of
the API increasing more for the organic phase compared to the aqueous phase, as calculated by the
UNIFAC model. The effect of temperature is not very significant, so the operation of the two LLE units at
40 °C is preferred to avoid cooling the effluent of the second reactor to ambient temperature. E-factors
follow the same trend as the total cost, with the minimal E-factor being 146 (148 for the high temperature
case).

For all cases, both reactors’ residence times are driven to the higher bounds (1, 0.64 minutes) and
the optimal solvent to feed ratio is between 0.25 and 0.4). The influence of the solvent to feed ratio to
the cost is more detrimental for the case of 50% solvent recovery; the value is increased, to allow for
higher APl recovery and reduce the carrier solvent throughput, while for 70% solvent recovery there is a
trade-off between carrier and extraction solvent cost.

Both the E-factor and the total cost drastically increased in the case of 50% solvent recovery, due
to higher material input requirements. Interestingly, although the OpEx is increased, the CapEx appears
to be slightly smaller compared to the case of 70% solvent recovery. This is a result of the higher API
recovery achieved by the higher solvent to feed ratio, resulting in smaller mass throughput.

The observed E-factors for diazepam are very high, even for pharmaceutical processes, and that
is due to the low solubility of diazepam in the feed stream of the second reactor, in presence of
ammonia/methanol. The suggested dilution of 1:4 requires excessive amounts of carrier solvent, which
also leads to a high requirement of extraction solvents in the subsequent separation steps.

The excessive use of carrier solvent during the synthesis of diazepam is reflected on both the OpEx
and the E-factor. The OpEx is a magnitude of order higher than the CapEx, which is due to the increased
material throughput, while around 20% of the OpEx is constituted of waste handling costs. Given the low
concentration of solutes in toluene, a higher percentage of solvent recovery would not be unrealistic.
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4 Discussion

4.1 Limitations of the current work

The current work is based on several key assumptions. For the separation process of atropine, the
equilibrium calculations for the APl during the separation stage are limited by the available
computationally derived distribution factors, which correspond to pure solvent-water systems. As a
simplification, mono-component streams are considered during the separation, which introduces errors
on both on API recovery and purity. The results presented for atropine are optimistic, and the accuracy of
the assumptions decreases in the following order: toluene, diethyl ether, n-butyl acetate. In addition, it is
not clarified to which temperature the distribution factors provided correspond to, so a temperature of
25 °C is assumed. With the exception of diethyl ether, no distribution factors are calculated at higher
temperatures for other solvents, which prevents the evaluation of higher temperatures for the LLE.

For diazepam, the synthesis conditions studied by Ewan et al. were only optimised with respect to
product yield, without taking into consideration environmental metrics. The solubility issues are
introduced before the second reactor by the addition of ammonia/methanol and result in excessive
solvent use. The existence of electrolytes does not allow the solubility evaluation at this stage using the
traditional UNIFAC method, so stream heating or solvent removal before the LLE could not be evaluated.
It is worth noting that Bédard et al. overcome the solubility issues, but unfortunately, their experiments
do not provide sufficient data for the derivation of reaction kinetics for these conditions.

For the separation process of diazepam, there was lack of UNIFAC LLE parameters for two of the
functional groups of the API. VLE parameters were used instead for those two groups, which introduces
error in the solubility of the APl in the organic phase. Also, the liquid-liquid parameters of UNIFAC have
been fitted to temperatures between 10 °C and 40 °C, so the evaluation of API solubility at higher
temperatures is not possible and the LLE is only evaluated for 25 °C and 40 °C.

The material prices used in this study, which are taken from various vendors, are relatively higher
than previous studies. This can result in over-estimation of the material cost, and consequently of the
OpEx. On the other side, while the scaled costing of the reactors is conservative, the costing of the liquid-
liquid extraction units is scaled down from a much larger basis than those used in CPM. This can result in
underestimation of the CapEx, and leads to solutions which if unconstrained, are characterised by
unreasonably high residence times for the separation process.

Finally, there is comparison to the equivalent batch processes for the production of atropine and
diazepam, due to lack of data.

4.2 Future work

In order to fully elucidate the benefits of CPM, it is essential to project the cost savings against the batch
method. Although this study is quite conclusive about the feasibility of each process, it would be
purposeful to model and cost the synthesis and separation of atropine and diazepam for the current
methods of production, in order to highlight the differences in equipment size, cost and environmental
impact.
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In addition, the current model can be improved by more accurate thermodynamic simulations. For
atropine, distribution factors need to be calculated for mixed solvent streams. More extractions solvents
could also be considered, apart from the three studied here. For diazepam, it is important to investigate
the possibility of carrier solvent evaporation, in order to reduce the mass of extraction solvent during the
LLE stages.

A much more significant improvement to the solvent use of diazepam can be achieved by changing
the synthesis conditions. Bédard et al. have suggested a method which has experimentally proved to
reduce the E-factor of the process to 9. It includes the use of NMP as carrier solvent, the addition of
ammonium hydroxide as a source of ammonia, the mixing with an aqueous stream and the heating at 60
°C. Compilation of continuous flow chemistry data under these conditions is essential for a new flowsheet
model to be developed.

The current model can also be expanded, to include continuous crystallisation of the two APIs from
the aqueous stream, and downstream processing, such as tablet formation. An end-to-end, material to
final product demonstration for atropine and diazepam could show even more explicitly the advantages
of CPM.

4.3 Conclusion

A flowsheet steady-state model is developed for the CPM of atropine and diazepam, in order evaluate
its technical, economic and environmental feasibility. The continuous chemistry relies on published work
by Bédard for atropine and Ewan for diazepam, and includes novel kinetic expressions. The separations
are modeled using both experimental data and simulations, which are incorporated as surrogate
equations. The complexity of the systems required several assumptions to be made. Reactor residence
time, extraction solvent to feed ratio and extraction pH are all important design variables for the
optimisation. The results show the CPM of atropine to be very efficient, thanks to the
concentrated/neat streams used. The selectivity of the extraction process achieves high purity and
minimises the need for further purification. The CPM of diazepam under the conditions studied is non-
efficient, since its low solubility results in excessive solvent use, which translates into high OpEx and E-
factor. However, there are studies showcasing alternative methods which can be explored.

5 Nomenclature

Latin
a Specific interfacial area (m?)
A+ Proton activity coefficient
BLIC Battery limits installed cost (£)
CapEx Capital expenditure (£)
Cy Cost of equipment (£)
Cy Basis cost of equipment (£)
Cio Initial concentration of compound i (mol L?)
Cip Concentration of compound i in phase p (mol L)
Ceont Contingency cost (£)
CEPCI Chemical Engineering Plant Cost Index
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Keq
ky
k102
k201
k202
ml
n
OpEx
P
pKq
Price;
Ti

Rmax,i,aq

Req;

Greek
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Installed equipment cost (£)
Materials cost (£)

Process piping and instrumentation cost (£)
Working capital cost (£)

Working capital and contingency cost (£)
Waste disposal cost (£)

Utilities cost (£)

Diffusion coefficient (m?s)

Distribution factor of component i

Diameter (m)

Environmental factor

Stage efficiency

Equipment cost correction factor
Free-on-board cost (£)

Specific gravity

Interest rate

Total mass transfer coefficient (m s™)
Equilibrium constant

Phase specific mass transfer coefficient (m s™)
First-order reaction constant (min)
Second-order reaction constant (L mol™* min?)
First-order reaction constant (min)

Mass flow of compound i (kg yr?)
Equipment cost exponent

Operational expenditure (£)

Impeller power (J s)

Acid dissociation constant

Price of material i (£ kg?)

Rate of consumption of compound i
Maximum (theoretical) recovery of compound i in the
aqueous phase

Mass requirement for material i (kg yr?)
Sherwood number

Capacity of equipment

Solubility of compound i in phase p (mol L?)
Solvent to feed ratio

Volume (m3)

Weber number

Dynamic viscosity of i (N s m-2)

Density of component i (kg m-3)

Surface tension (N m?)

Residence time (min)

Volumetric fraction of the dispersed phase
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7 Appendix A - Atropine synthesis reaction Kinetics

7.1 Simple mechanism
For the first step, by omitting the concentration of H,O (it is high and not drastically shifted by the
reactions):

1 _ _Cig
eq — Clocél-l (52)

For the second and third steps, the rate of reaction is:
—T10 = k101C10Ch,co (53)
By solving eq. (7) in terms of [107] and substituting in eq. (8):
—T10 = K101C10ChycoCon (54)

Where Cpy is the concentration of the hydroxide ion, which is intermediate, and according to the state
approximation is considered constant:

—T10 = K101C10Ch,c0 (55)
7.2 Catalytic mechanism
For the first step:
1 _ CigC12
eq — ClOC])_kz ( 56)

Where Cj,, C{, are the concentrations of the intermediate ions.

For the second and third steps, by substituting eq. (11) into eq. (8), the rate of reaction is:

C10CH,c0C12

C12 (57)

.
—T10 = k101

According to the steady-state approximation, Cy, is the concentration of an intermediate and thus
considered constant:

1 C10CH,c0

—T10 = kio1 C12 (58)
Using the definition of yield:
Ci2 = Yi_é(clo,o — C1o) (59)
For constant yield and by substituting eq. (14) into eq. (13):
—T10 = K101 % (60)
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