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Abstract

This review paper presents some of the topics desml at the 2018Chemical process
development trends’ seminar organized by the Swiss Process and ClaéBigineers Society
in Basel, Switzerland. The first subject coverstise of computer aided tools for systematic
reaction route selection, the second one addrdbgesecent development in the field of
process intensification with a focus on reactivetiiation and dividing wall column
technology and the third topic highlights recenvelepments in the field of continuous

filtration in the pharmaceutical industry.
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1. Introduction

The “Chemical process development trends” semirgarozed on 8 November 2018 by the
Swiss Process and Chemical Engineers Society ielB8svitzerland reviewed the recent
advances in selected pharmaceutical and chemiceégs technology areas. The seminar was
opened by Prof. R. Gani’'s talk from PSE for SPEEDN@any Ltd. on digital pharmaceutical
process design. This talk was followed by the dbation from D. Crettenand from RedElec
SA on the use of electrochemistry as a “green’rietdygy in the field of organic synthesis.
Prof. A. Kiss from the University of Manchester ggated an overview of recent advances in
the field of reactive distillation and dividing-watolumn rectification while Prof. A. Zogg
gave a foresight of his future research portfolioTae University of Applied Sciences
Northwestern Switzerland. Recent advances on teetisontinuous filtration in the context
of pharmaceutical manufacturing were highlightedJbZornevin from Novartis Pharma AG,
while R. De Dier from The Janssen Pharmaceuticain@@mies of Johnson & Johnson

presented the model based lyophilization procesm@ation.

The aim of this review paper is to provide the bilevachemical engineering community a
deeper insight in some of the topics discussetdeaséminar: the use of computer aided tools
for systematic reaction route selection, recenttrea distillation and dividing wall column
technology developments and continuous filtratiomplementation in the pharmaceutical

industry.

2. Digital process design methods for the pharmaceutical industry
Methods and tools from process systems engine€¢fBg), which are routinely used in the
petrochemical and related industries, can alscstagsithe development, analysis, design,

evaluation, and optimization of pharmaceutical peses. The scope and significance of these
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methods and tools depend on the available mathemhatiodels and/or data. Even though the
final verification is always made through experimbased studies, model-based computer-
aided systems can help to quickly evaluate andeseoeit redundant processing options, to
select and verify solvents, to plan and design exyts and to quickly reduce the search
space related to reliable and efficient operatibiine process operating in batch or continuous
mode. Recently, there has been an increasing sttieréhe development and/or application of
methods and tools from PSE for the pharmaceutmetios and among these, a model-based
multi-functional computer-aided framework developley Papadakis et al. [1] is worth
mentioning.

The framework aims to assist in the developmemiharmaceutical processes by providing
detailed process understanding, selecting efficreaiction pathways through analysis of
reactions, solid solubility analysis together witle need and use of solvents, and, identifying
opportunities where continuous manufacturing mightan option. Systematic model-based
methods and tools are applied in each step of rdmadwork in order to create a data-rich
environment that is a requirement for enhanced gg®ainderstanding and to assist in the
decision-making process in each case. To achieaethbjectives, the framework integrates
models and data, different model-based methods@tkeby their specific work-flows and the
associated data-flows for specific problems) anmalstdthat is, the tools that perform the
needed work at each step of the work-flow). Theegrated framework consists of four
sections with their corresponding models, methodd aomputer-aided tools: reaction
pathway selection; reaction analysis; downstrearmpars¢ion analysis; and, process
simulation, evaluation, optimization and operatickn overview of the framework is

illustrated in Fig. 1 (from Papadakis et al. [1]).
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2.1 Reaction database
Almost all pharmaceutical processes are based me $orm of organic synthesis that defines
the reaction pathway, where organic chemistry hasimaportant role to play in the
development of synthetic routes for new drugs duearly stage process development. To
pursue synthesis at a high level, the needed adcesbemical information is provided
through a specially developed reaction databaseirsedrated within the framework. An

overview and extension of this database is preddrew.

The reaction database [2] contains collected dataifgle and multiphase reactions involved
in small molecule pharmaceutical processes. Thieated data are represented through a
specially developed ontology for knowledge représt@m. It has a search engine to retrieve
necessary data when required for problem solutialyais. The goal is to provide a data rich
environment with process information available $sist during the early stage synthesis of
pharmaceutical products. The reactions in the dambare categorized according to the
reaction type (for example, alkylation, epoxidajicthe target product (active pharmaceutical
ingredients like lbuprofen, Ciproflexacin) to beoguced (when single-step or multistep
reactions are considered), the reaction product thedeffect of the solvent used on the
reacting system. Reaction conditions (temperatpressure etc.), reaction components
(reagents, catalysts etc.), reaction data (conuersielectivity, etc.), scaling information and
finally batch or continuous processing is includedthe developed database. For each
reaction type, it is possible to,
e Identify reactions that are used to produce differéypes of products (API,
Intermediates).
» Identify reactions to be utilized, for a given cavopd availability.

* Investigate the function of different type of sott®in single/multiphase reactive systems.
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» Facilitate the choice of the reaction conditions.
* Evaluate the reaction pathway in terms of yielgt@nd sustainability metrics.

» Facilitate the reactor design from available experital data and kinetic models.

The individual reaction data are supplemented witbrmation on scalability, cost, expected
yield, number of reaction steps, ease of separaiuh safety. The current version of the
database covers 44 reaction types consisting ofr@&€tions where 88 represent multiphase
reaction systems and out of which 246 reaction®luesthe use of solvents (where the
objective is to dissolve, phase creation, subgtatalyst carrier, compound extraction). The
total synthesis pathway data for 29 APIs and 2%dimg block chemicals are available. The
data collection covers 307 reactions with measul@d on conversion, selectivity, reaction
yield, reaction conditions; 39 reaction systemshwitynamic reaction data; 17 reaction
systems with details of published kinetic modelk2 teaction systems with in-flow data; for
227 reactions systems with data for batch opersitidime special physical properties data

cover 14 chemicals, 18 fine chemicals and 255 paeeuticals.

Each reaction is an individual record set in thiabase.

e Molecular structural information (Target produgy;firoducts and substrates)

* Reaction centers (The collection of atoms and bématsare changed during the reaction).

* Reaction system chemicals (Information of chemical®lved in the reaction such as
reagents, catalysts, solvents etc.)

* Multistep reactions (Products that require multiplaction steps, that is, reaction
pathways)

* Reaction conditions (Conditions such as pH, tentpega pressure etc., at which the

reaction takes place)
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» Reaction classification (Type of reaction, i.eteefication, amination, etc.)

* Post-processing of the database contents (Expbanoj other tools)

With the above information available and togethéthwerganic synthesis-design tools, an
opportunity for an integrated approach to the sgsith route selection and productivity
improvement taking into account process considanati{development time to establish the
synthesis route, product quality, cost of manufactinked to “green” chemistry metrics and
the final approval of regulatory agencies) is nasgble. One starting point on the use of the
reaction database is the molecular structure oAfle The search engine of the database will
check if reaction data for this API are availalbifeyes, the related data are retrieved through
the search engine interface for further analysisudbned in the work-flow of the framework
[1]. If the data are not available, the properéghe API are predicted through associated
property prediction tools available in the framekv@t]. For the generation of the synthesis
routes, Papadakis et al [2] give a detailed listlathibases and systematic methods and tools
based on artificial intelligence that may be empbhyOther starting points are classes of
reactions or specific reactants. With the synthesiges established, the reaction database
will determine the equilibrium constants for eaehation step and then suggest the minimum
reaction data that would be needed to identify@prapriate kinetic model together with a list
of corresponding experiments. Once all the necgss$atia are made available, the reaction
and process evaluation are performed as outlingeeimvork-flow of the framework. It should
be noted that the database contains collectedaddtaown reacting systems, therefore, for
new systems, data either need to be generatedlected. The search engine of the database
points to the minimum data that are needed for amglysis and how the data could be

obtained.
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The application of the database is illustrated uglothe synthesis of ibuprofen, for which,
data for three different reaction pathways ardeetd from the database and the production

processes compared using the “green” chemistryicad].

2.2 Solvent Selection and Database
Solvent selection is part of the framework sectiealing with downstream separation
analysis. The complexity of product recovery andiffpation is related to the compounds
present in the final reaction mixture. The selactd appropriate downstream separation tasks
in terms of total number of operations needed, esdlvequirements, operational costs, and
sustainability, effect process performance andefioee, feasibility. In addition, due to the
complexity of the main product, operational limiba&is are taken into account in order to
define the design space of the separation opegtiethods and computer-aided tools for
improvement of process efficiency through the ussotvents in multiphase and single-phase
reactions [3] as well as solvents for crystalliaati[4], solvent based extractions [5] are
studied through the solvent selection and desigitbéx [6] available as an in-house tool
within the framework [1]. The methods and toolsikde in the framework allows options
for process intensification in terms of integratafireaction-separation tasks, minimization of

reaction steps and solvent swapping options.

2.3 Simulation, evaluation, optimization and operation
The objective here is to evaluate process flowshgmt state task network) with respect to
predefined performance criteria and identified eéésgfor further process optimization and
improvement. Available methods and tools allow diesign and evaluation of PAT systems,
study of crystallization operations, and study ofgess operations, including feasibility of

converting batch operations to continuous modege Nuat different kinds of models and
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model- and/or data-based analyses are neededitty st different aspects of pharmaceutical
processes. Continuous or batch pharmaceutical ggoegaluation requires conventional
single scale models based on mass and energy balaaicare usually available in process
simulators and also available in the framework [HWpwever, since the pharmaceutical
product also needs to satisfy product quality nemuents, higher resolution models and/or
online data are needed for product quality momtprihnrough an appropriate PAT system
[19]. Here, multiscale models for crystal size wlttion, crystal shape, effect of operational
parameters, etc., need to be considered. This ruadalbased analysis is needed in addition
to analysis of simulation results based on masseaedgy balance for a complete evaluation
of pharmaceutical processes. Papadakis et alr¢¥jges an interesting illustration of model-
based methods and tools for design and analysianoindustrial glucose isomerization

process operation.

3. Processintensification technologies

Process Intensification (PIl) is defined as a sehofel innovative principles applied in
process and equipment design, which can bring faggni benefits in terms of process and
chain efficiency, lower capital and operating exqes) higher quality of products, less wastes
and improved process safety. In other words ithelemical engineers to achieve more (e.g.
higher performance and efficiency) with less eqeptmand energy. Novel methods have
been proposed recently for the and systematic psodesign and intensification, based on
new representation of process units, flowsheets sunokerstructures using fundamental
building blocks [8]. Such a general block-based essfpucture allows the systematic
identification of process intensification pathways.

Among PI technologies proposed, the most promisings are in the functional (synergy)

domain, as they integrate functions and steps @antangle unit, thus taking advantage of
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synergistic effects to overcome equilibrium limibats, leading to compact equipment and
increase of overall efficiency. The Pl area is exjyag rapidly with tremendous support from
industry, having a strong impact and significanagethe development of more eco-efficient
processes (see the RAPID institute in US). Theesad@l covers many technologies [9], but
here we focus only on the most promising ones: trgadlistillation and dividing-wall
column, Figure 2. These PI techniques are ablénipligy complex configurations, and thus

reduce the numbers of steps required for reactidnsaparation stages.

3.1. Reactivedistillation technology
Reactive distillation (RD) allows the reaction afigtillation to take place at the same time in
the single piece of equipment; the reactants beamyerted with the simultaneous separation
of the products. By overcoming equilibrium limitatis, RD brings ample process economic
benefits, as it enhances the productivity and sglgg reduces the energy use, eliminates the
need for solvents, and intensifies the mass antl theasfer [10]. Moreover, RD simplifies
complex process configurations and reduces theabh\aarsts by half or more. For example, in
case of methyl acetate synthesis a RD column reglacconventional process consisting of
10 key units (1 reactor, 8 distillation columns dnelxtraction column), allowing 80% savings
in energy and capital costs.
Although RD has been implemented as high-efficiesggtems in the large scale petro-
chemical industry, more recently the RD technol@mynd novel applications in the batch-to-
continuous transition and synthesis of many praddmim the specialty chemicals, fine
chemicals and pharma sectors: e.g. esters, ethergymers and polymers [11]. Remarkable,
reactive distillation could be further enhanced d&ymbining it with other intensified
technologies — such as dividing-wall column, cydistillation, high-gravity distillation, heat-

integrated distillation column, as well as membramaicrowave- or ultrasound-assisted
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distillation — to lead to the development of newogasses and applications, particularly

aiming at smaller scale of 10 ktpy or less [12].

3.2. Dividing-wall column technology
Dividing-wall column (DWC) found great appeal iretchemical industry as it offers major
benefits: 25-40% lower energy requirements, highitpdor all product streams, reduced
maintenance costs, 40% smaller small footprint gmdo 30% lower investment costs due to
the reduced number of equipment units. Thermodyoaigiequivalent to Petlyuk distillation
or fully thermally coupled distillation, DWC canplace a direct or indirect sequence of
distillation columns by a more energetically-faugieaconfiguration that avoids the remixing
of internal streams. Details about the specifienmals of DWC are available at equipment
suppliers (www.montz.d¢ and in recent review papers [13], [14]. AlthougWC is mainly
applied to ternary separations, more recent agpites and research directions include the
use of DWC technology in azeotropic, extractiveq aeactive distillation [15], [16], for
example in the production of bio-alcohols, ethersfurfural. By using an adaptable and
flexible modular approach, the DWC can be applieanulti-purpose production scale and
downstream processing of fine chemicals and phauoimals. For example, Lonza has
recently implemented in Visp, Switzerland, a fldgilbWC that meets the demands of a
changing production characterized by several prib@ucampaigns, processes and products

produced in the same plant throughout a year [17].

4. Filtration technologiesin the context of continuous manufacturing
Manufacturing in the pharmaceutical industry issprely almost entirely dictated by batch
processes. This is the result of decades of styoregjulated historical batch processing.

Nevertheless, there is a strong incentive to s$fofih batch to continuous manufacturing of

10
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active pharmaceutical ingredients (APIs) and toetage the advantages of steady-state
operation [18]. Although pharma is a highly regethaind largely batch-oriented industry, the
use of novel continuous manufacturing can leadntwmvative products and help pharma
companies resolve some long-standing issues refatedst, quality inspection, and supply
chain. With an increased interest both from theugt, academia and regulatory bodies over
the last 10 years [19], companies have adoptedrdiit approaches to integrate the process
analytical technology [20] based continuous macrtuféng technology in their
manufacturing lines. While a lot of R&D has beerusing on continuous reaction and
crystallization design, operation and control [2@}le has been dealing with the interface
between these two manufacturing clusters namelytiragous isolation. This is because
continuous isolation for APIs, e.g. continuousrdition, is a major technical challenge and
involves the use of less established technologiescertheless, recently, the versatility,
flexibility and efficiency of continuous filtratiohas raised the interest of companies.

The current approaches to continuous filtratioretaky R&D organizations can be clustered
into two main strategies: automated batch filtrafid1] and continuous flow filtration [27]
Figure 3a and 3b. While the former is based ontblik-established Nutsche filtration and is
mainly an automation exercise, the latter requinésgrating a less common technology to
pharmaceutical development that is the cross flotration (CFF), which is a standard
technology for the biotechnology industry. In bo#ses though, the main challenge lies in the
fact that little to no continuous filtration equipmt is designed to the standards of the
pharmaceutical industry e.g. Good Manufacturingcftas (GMP), which triggers significant

and cost intensive technology development and figetion efforts.

To best compare these two processes one has taleoms which context these will be
implemented. A Nutsche continuous filtration witbduce a cake with ca. 20-30% of residual

moisture content, which is subsequently dried amalyaed. In comparison a CFF process

11
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will produce a well flowing concentrated suspensfaet paste) which is suited for further

processing [23]. While the cake filtration ratedispendent on the API crystal shape, which
can vary from product to product, the CFF is lespahdent on it, thus makes it a more
versatile process. One should note that washi@fHR is consuming much more solvent than
the Nutsche filtration. This disadvantage increagiesn equipment is scaled-up. Furthermore,
CFF filtration can be easily integrated within donbus manufacturing and will leverage its

advantages when coupled with other continuous pemse However, it can be also be a

versatile filtration process coupled to classiatch manufacturing steps.

5. Outlook

The main challenge for methods and tools from P&Eapplications in the pharmaceutical
industry is how to provide reliable process undgerding through the available data and
models that are employed? With new chemicals bemgfinuously synthesized, clearly,
reliable predictive models and data analysis tanésneeded together with a data collection
system that is continuously extended with avaiigbdf new data. The objective here is not
to provide the final optimal solution through thesedel-data based methods-tools, but to
quickly reduce the search space so that the prodetlopment time and cost can be
significantly and reliably reduced.

The main challenges of applying Pl technologieshsag reactive distillation and dividing-
wall column to the production of fine chemicals apldarmaceuticals relate to ensuring
sufficient modularity and flexibility in a low pradttion scale multi-product environment, as a
higher degree of process integration comes at estldlexibility in operation. Such Pl
techniques can aid the batch-to-continuous tramsibly properly adapting them to multi-

purpose production scale and downstream processiitge chemicals and pharmaceuticals.

12
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Regarding the routine use of continuous filtrationthe pharmaceutical industry future
challenges are related to equipment standardizasfoequipment and adequate process

control.
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Figures

Figure 1. Integrated systematic framework to assist the pharmaceutical process

development.

Figure 2. Configurations for reactive distillation (top) and dividing-wall column

(bottom)

Figure 3 Two continuous filtration strategies, a CFF from Bokela (a) and an automated

Nutschefiltration (b) from Alconbury Weston Ltd.
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