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Abstract

This projectis an environmental impact and cost analysis of commonly used crystallization
processes for isolating and purifying active pharmaceutical ingredients (APIs) at Solid State
Pharma Inc., a pharmaceutical researdgaoization. A comprehensive Life Cycle Inventory (LCI)

has beercompiled for cooling, antisolvent, evaporative, and reactive crystallization processes,
covering aspects from raw material extraction to waste disposal, providing a-torgdlte
evaluationfor the API and a cradi®-grave evaluation for the solverRelevant environmental
impact categories such as global warming potential, fossil fuel potential, and human toxicity
potentialhave beertonsidered to quantify environmental burdens acrossftheylcle stages. A
comparison between solvent recycling and incineration scenlaa®deermade to evaluate
environmental impacts.

The project's main objectiweasto identify resource consumption hotspots in these crystallization
processes. Thiwasachieved by compiling a detailed LCI for selected processes and developing
a life cycle model for environmental impact assessment. Amongriessesnvestigated,
reactive crystallization proves most prevalent (38.9%), followed by antisolvent process#s,(25.9
while evaporative and cooling processes stabsimilar occurrence rates.

Solvent usage analysis revedthat waterwasthe most prevalent solvent (22.6% usage), with
class 3 solvents predominating (74.1% usage). Reactive and evaporative processds tesal
higher solvent amounts compared to other types, though some reactive processesl kwindbit
solvent usage akin to cooling processes. Dichloromethane ahaergesignificant class 2 solvent,
notably present in process P32, which constitit? of the total amount used in all processes.

Environmental impact assessment indidateat solvent productiowasthe primary contributor

in the incineration option. Heever, implementing solvent recovery systems significantly retluce
these impacts, making the recovery option more environmentally favorable. Economic analysis
showedthat operating costs are predominantly associated with solvent procurement, with cooling
crystallization generally exhibiting the lowest costs due to reduced solvent usage. Further, solvent
recovery systems shadhigh returns on investment at larger production scales, suggesting their
viability for cost savings and profitability.

Overall, theproject providé valuable insights into the environmental and economic implications

of different crystallization processes, emphasizing the importance of solvent choice and recovery
systems in pharmaceutical manufacturing. il tae groundwork for devepong expert systems

for comparative assessments of crystallization technologies, furthering environmental
sustainability and cosdffectiveness in the pharmaceutical industry.
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Chapter 1. Introduction

The objective of this project is tperform an environmental impact and cost analysis for the
crystallization processes commonly used for isolation and purification of active pharmaceutical
Ingredients (API)A Life Cycle Inventory (LCI) will be compiled for common crystallization
processesdesigned for isolation of 50 APét Solid State Pharma Inc, hggmaceuticatesearch
organization. Crystallizatioprocesseshat will be investigated includmolingcrystallization,
antisolventrystallization,evaporativecrystallization, and reaste crystallizationThe scope of
analysis includes extraction of raw materialgystallizationprocesstransportation, and waste
disposal/treatment, etc., providing a full cratbegateevaluatiorfor the APl and a cradi®-grave
evaluation of the soknt. Relevant environmental impact categories (e.g., global warming
potential, fossil fuel potential, human toxicity potentigiic) will be considered to quantify the
environmental burdens related to energy requiremergsource consumptiom extraction,
production, waste dispogtbatment stages of life cycle Relevant environmental impact
categories will be evaluated and compared for the two cases of solvent/reagent recycling versus
incineration A life cycle approach enables evaluationltéraative crystallization processes from

a holistic perspective and will further inform designing processes with reduced environmental
impact.This approach paves the route develojng an expert system, whictwould provide
comparative assessment of @omimental, safety, and cost of various crystallization technologies

in pharmaceutical industries.

The projead mainobjective is the identificationf hotspots in resource consumption of common
crystallization processdsom a cradleto-gategrave perspdive. This will be accomplished by
compiling a life cycle inventory for selected common crystallization processes (antisolvent,
cooling, evaporative, anaactive)and avelopng a life cycle model for environmental impact

assessment of crlizationprocesses

To evaluatet h e environment al S u s t parifatica df icrysiallizgtion o f t
processsand pinpoint process hotspaotsve will develop a thorough inventory afaterials and

energy consumed imultiple crystallization processe&nablilg us to analyze the associated
environmental impact of resource and energy consumption. Additionally, we will condogt a ¢
analysis of commonlgmployedprocessesroviding valuable insights into financial implications

of solvent recyclingersus the ammon approach of incineration

h



In more detail, w will compile sitespecific information concerning selected crystallization
processes, taking into account various factors such as the type and quantity of solvents and
materials, as well as process conditiensh agemperature and operation time. Owestigation
encompasses the analysis ¢f &vystallization processes, spannifmur distinct categories:
antisolvent crystallization,cooling crystallization, evaporative crystallization, and reactive

crystallization.

We will investigatethe environmental impact ofécase of crystallization processe¥he data
compiled will be accuratelyentered into theOpenLCA software. To support sigpecific
information, we will leverage the extensive Ecoinvent database, whatbhdes background
processes such as solvent and reagent manufacturing, enabling us to perform a comprehensive
cradle to grave environmental impact analysis. Simultaneously, we will complete the cost analysis

of the crystallization processes at this stage.

In conjunction with the case study approach employeduinproject objective our goal is to
proposeaninnovative tool that facilitate the prediction of environmental sustainabilitig. tohl

would enable us to assess the impact of changes in prooedgians and input parameters,
ultimately enhancing the overall sustainability of the processes. While the case studies conducted
in our first objectiveoffer valuable insights, they can be intricate, tioo@suming, and may not

be directly applicable tother scenarios (nepredictive).Therefore, the knowledge that \wave

in this project carbe usedo developa streamlined approach to bypass the need for laborious,

caseby-case studies.

During the hotspot identification process, we will gatheduable information regarding inventory

data, enabling us to comprehensively identify influential process parameters. We anticipate that
key factors such as the quantity and type of solvent, process time, and temperature will play pivotal
roles in deternmiing the environmental impact of crystallization processes. By analyzing these
parameters, we aim to gain valuable insights into their influence on the overall sustainability of

the processes.



Chapter 2. Current Trends in Life Cycle Assessment for
Pharmaceutical Ind ustry

In 1992,R.A. Sheldon introduced thefactor whichbecamea framework for a more sustainable

attitude towards our environme(®heldon, 1992)Then, in 1998 Anastasat the United States
Environmental Protection Agency (US EPA) develogezen chemistry principld®. T. Anastas

& Warner, 1998, p. 30)in 2015, all membestates adopted the United Nations Sustainability
Development Goal§UN-SDGs)(P. T. Anastas & Zimmerman, 2018)lore specifically, UN
SDGGoald¥ensure healthy -bengedoanal pramota¢!| walgle s o6
sustainable consumption and production patter

pharmaceutical industity rethink processes and to contribute to the sustainability goals.

Measurablesustainability metrics help guide procegsoduct design and developmgeiind
provide benchmarks for future improvements. Life cycle assessment (laSAjlescribed in
International Organization for Standardization (ISO) standard 14040:2006, quantiies th
environmental impact associated with all life cycle stages of a product. LCA is applied in the bulk
chemicalindustry, especially for new bulk products, green, and brownfield prdjetésnational
Organization for Standardizatip 2006) LCA, although not as common as the bulk chemical
industry, has started tgain more attention in the bulk pharmaceutical indu@scker et al.,
2022a)

To developnewpharmaceutical processiesrigorous time framg toolsto appropriately address
the environmental impadh a timeefficient manner are requirdd avoid delaysGlaxo Smith
Kline (GSK) has focussed the LCA on a cradlgate analysis and further developed the fast life
cycle assessment of synthetic chemistry (FLASC) Gakzons et al., 2007Yhe GSK FLASC
tool is tailored toward pharmaceutical processes which, in most basesnuch lower production
volumes than the bulk chemical industiyowever these pharmaceutical processes icanlve
more complex synthetic steps and reagentsestrength of simplified methodologies, like GSK
FLASC,is that these address two keyattnges of pharmaceuticaanufacturingoften, limited
dataregardingsupplied precursons availablewhich is solved byhte lifecycle inventory (LCI)
methodologyand increased time and cost pressure on drug discovery and development required
LCA methodologiesand metrics which have a lower adoption hur(Becker et al., 2022a;
Curzons et al., 2007)



2.1 Green Chemistry Principles and Good Manufacturing Practices

To design commerciadcale good manufacturing practice (GM#Pocessefor pharmaceuticals,
process development must address the regulatory guiddlimeg) the clinical and manufacturing
phase to obtain regulatory approval at the launch of the probtalge2-1 shows an overview of

the twelve green chemistry principles and selected regulatory guidelines for the pharmaceutical
industry (12 Principles of Green Chemistry.d.; Beckeret al., 2022a; European Medicines
Agency, 2014, 2024; Food & Drug Agency, 2017; Sargent et al., 2B%63een inTable 2-1,
several regulatory guidelines are in close alignment with the principles of green chemistry.
However, some regulatory expectatioms drug substance quality and process make it more
challengng to implement green chemistry principkesd process chang@Becker et al., 2022b)

For each pharmaceutical process development progrdma, Ibternatioal Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use n&eH)to

resemble the green chemistry principles

Table2-1. Green chemistry principles and selected regulatory guidelines

Green Chemistry Principles Regulatory Guidelines
1 Prevent waste instead of treating it. 1 ICH Q11: Development and manufacture of
1 Design atorrefficient synthetic methods. drug substances
f Choose synthetic routes using nontoxic f ICH Q3C: Residual solvents
compounds where possible. 1 ICH M7: Assessment and control of DNA
1 Design new products thiicrease reactive (mqtagenlc)__lmpurltlt_as in _
functionality whie reducing toxicity. pharmaceuticals torit potential carcinogenic
risk.

1 Minimize the use of auxiliary reagents and _
solvents. 1 ICH Q8: Pharmaceutical development

1 Design processes with minimal energy Cleaning procedures to avoid cross
requirements. contamination: EMA guideline of setting

healthbase exposure limits

FDA Guidance Advancement of Emerging
Technology Applications

ICH Q3A/B: Impurities n hew drug

=

1 Preferabldo use renewable raw materials.
1 Avoid unnecessary derivatization.
1 Replace stoichiometric reagents with catalyt q

cyclgs. o substances/products
1 DeS'%’)I_r_‘eW products with biodegradable | ¢ o Q6A: specification and acceptance
capabilities. criteria for new drug substances and new dr
1 Develop reatime and oHdine process analysi products: chemical substances.
and monitoring methods. 1 ICH Q1A-F: Stability of drug substances an

1 Choose feedstocks and design processes tt drug product.
minimize the chage of accidents.



1 FDA Guidance Quality Considerations for
ContinuousManufacturing.

1 ICH Q9: Quality Risk Management

The gr een ¢ h e hoose syntheticpoutésmsing qohtaxic dompounds where pd@ssible
is very well reflected by the ICH guidelines on impurities (ICH Q3A), residual solvents (ICH
Q3C), and mutagenic impurities (ICH M7hese ICH guidelines generate the selection and use
of non or less toxic solvents (ideally ICH class 3 solvents) and towrit impurities in drug

substances and products originating from toxic reagents andfootwcts.

2.2 Environmentally Sustainable Solvent Practices

Over the years, industry and process chemistry have been transitioning toward more
environmentally sustaifie solvent practiceSpecifically, the substitution of chlorinated solvents

is an area of ongoing interd&ecker et al., 2022a)

In the pharmaceutical industryt, is common to have mufiurpose facilities that synthesize
different APIs because of the low annual yield requirement for m@Bkeker et al., 2022al\PIs

are typicallysynthesizedn batchprocessesOnce the desired annual markeiantity of API is
achievel, multipurpose facilitieclean the equipment and transition to another #igliring a

similar equipment setup. In these casts more challenging to limit the use of solvents while
assuring appropriate cleaning of the pharmaceutical reactors amqmequiTo avoid cross
contaminatiorof pharmaceuticals and pharmaceutical intermediates, target values according to the
acceptable daily intake (ADI) and maximum allowable carry over (MACO) of one compound to
the next product have to be adhere@Becker et al., 2022aYhey are set for each API based on
healthbased exposure limit3herefore, for batch process the ifbetween batch cleaning and

the cleaning before product switches are performed until these limits are reached. In most cases,
this typically requires extensive cleaning with organic solvents and (seker et al., 2022alt

is also important to note that the amount of cleaning solvent can be much higher in the development

phase of a drug than ael solvent amounts used in the processes és¢Becker et al., 2022a)

Green chemistry principlesmto reduce the process mass intensity (RBBE equatio(@-1), or
the Efactor, see equatio(R-2).
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Organic solvents can often contribute to more than 50% to these metrics in the pharmaceutical
industry(JimenezGonzalez et al., 2011)yhe amounts of cleaning solvents needed to avoid-cross
contamination in GMP processing can significantly contribute to the PMI. Typicedigtor rinses

are performed with polar Bents, such as acetone, followed by water rinses until the total carbon

(TC) values or substanapecific cleaning thresholds are ni@ecker et al., 2022a)

In 2010, theGreen Chemistry Institute Pharmaceutical Roundtable started a pradpiamwas

looking at suitable replacements for dipolar aprotic solvents and solventless reactor cleaning
(JimenezGonzalez et al., 2011; Rogers & Jensen, 20I8¢ use of green soluts, alternative
mechanics and chemical cleaning procedures are ways to improve the solvent utilization.
Technical advancements like continuous processes with dedicated small reactor racks can further
reduce solvent use during cleaning procedifiiesan be shown that impurities do not accumulate

and if the technical challenges of reactor fouling can be s¢Regers & Jensen, 2019)

2.3 Rational Drug Design

Anastas et al. (2018)iscussed how rational drug design can be further expanded to guide safer
chemical designThey dso indicatedhat it is important to assess the impacts besides the actual
hazards and risks for the end user (patjiam@nufacturer, and the environment. For example,
switching a process for a high volume, low potency peptide with good biodegradalalijyeener
solvent or, atbe s t t o 0 c hebuaingsable tp dischmrgewaasteestreaids to aqueous
wastewater treatment, can have a hogeact on the environment. Starting development programs
for such changes can be justifidd D. Anastas et al., 2018jor example switching a very potent
cytotoxic API process with low biodegradability and relatively small anmesds (e.g.low
kilogram ranggto agueous reaction media will likely provide relatively little effect on the overall
total waste generation and treatment of the LCA, unless significant improvements to yield, purity,
or processafetycan be achieve(N. D. Anastas et al., 2018)nastas et al. (2018uggsted that



other parts of the chemical industry can learn and adopt some of the pharmaceutical product design

procedures to improve sustainability.

Significantprogress has been made in academia, industry, and on the regulatory side in the last
few years @ expand methodologies and to promote the realization of green chemistry principles
and process optimization based on green chemistry and sustainability riidétoter et al.,

2022a)

2.3.1 Chemistry in Water

Organic solvents are a key contributor to the PMI of API procegBesker et al., 2022a)
Therefore, the reduction of solvents as well as the substitution with alternative reaction media are
efficient strategiefor sustainability improvements.

Lipshutz et al. (213, 2017)demonstrated that surfactants in water can be used to allow classical
organic reactions to be performed in water. This is because the surfactants in water form
nanoreactors in organic mediapshutz, 2017; Lipshutz et al., 2013Bailey et al. (2021jvere

able to lower the overall cumulativEMI of the synthesis of a-BTs agonist receptor
manufactumg process from 350 to 79 by utilizing chemistry in walerther, the reduction of

the PMI of used organic solventsas reduced from 233 to 13 and the amount of process water
was reduced by 48¥Bailey et al., 2021)Additionally, Krell et al. (2021from Novartis recently
showed how to treat aqueous waste streams from surfactant chémadtow for discharge into

wastewater treatment plants

2.3.2 Continuous Processing

Innovative technologies like novel reactor designs and applications of continuous processing can
significantly contribute to sustainabilifRogers & Jensen, 2019 he green chemistry principle
6design processes that nsioften ankey drivetb bwétch e batecm c e o f
process to a continuous process during seplephases of pharmaceutical producthe
development of a continuous process requires a dedprstanding of reactionkKinetic data

acquisition is crucial and a combination oflime proces analytical technologies and modeling

techniques can provide a highly efficient development and-sgaiechniquéFath et al., 2020)



An impressive set of sustainable process development diforésbeen mader the synthesis of
MK -7264, a chronicough treatment currently in clinical phase 1l stud@asu et al., 2020; Otte

et al., 2020, p. 4; Ren et al., 2028)nce theAPI productionwas expected to exceed 50 MT
annually alargeemphasisvasplacedon developing a procefisat was coseffective, robust, and
sustainable in the long ternThe initial route designedfor speedy manufacturing of early
preclinical and clinical trials sygies,contained 11 steps, a PMI of 366, a total yield of 16%, and
several hazardous reagents and conditaors expensive reagentsitially, an improved batch
process was developetesulting in a stepPMI reduction from 80 to 17. However, thatch
process had limitationsith excess reagents and the addition of another compouteial with

the impurity profile of an intermediate. Thereforeamtinuousprocess for the commerciatale

APl intermediate manufacturing was developed to furtheniexe process control and
sustainability improvement3he switch to a continuous flow process showed a 90% reduction of
the PMI, a PMI reduction of 54% compared with the improved batch praressa 70% reduction

of carbon monoxide formatioiwVith further process developmeityield of 91% was achieved
along witha sixfold reduction in raw material cogiBasu et al., 2020; Otte et al., 2020, p. 4; Ren
et al., 2020)

2.4 Life Cycle Asses sment in Pharmaceutical Industry

Although theapplication of LCA metrics in the pharmaceutical industry is not yet widespread, it
has become more common in recent years compared to a decadénaguezGonzélez &
Overcash, 2014).CA is now used in various applications within gitearmaceuticahdustry To
address thehallenges faced and gain insights within reasonable timelines, streamlined LCA tools
have been developed and used in the pharmaceutical indlisti§nezGonzalez & Overcash,
2014) There is a need for reliable, uggendly, and standardized tools to facilitate LCA

implementation.

2.4.1 API Synthesis Case Studies in Pharmaceutical Industry

Initially, companies focused on case studies to understand the environmental impacts of specific
activities and identify opportunities for improvemdrEAs have been conducted for specific APIs
(de Jonge, 2003; Jimén&onzalez, 2000; Jiménd&zonzalez et al., 2004but these studies are

limited in their applicability to other APIs as they are compewamdl synthesispecific.



The study conducted e Jonge (2003xamined case studies of two pharmaceutical products
(Exelon and €&gretol). These case studies examined phienary energy requirements various

life-cycle components of thedrug.x el on i s a drug used to treat
approved by the Food and Drug Agency (FDA) in 200& LCA includedecovery of the natural
resources, chemical production, transportation, phammiaeé production, packaging,
distribution, and disposaf the packaging. Results showed ttiet primary energy requirements

were 38% distribution and transport, 3¢p¥ckaging12% API synthesis, 5% formulation, atb

endof-life treatment.Tegretolis a drug used to treat epilepsy and was first introduced in 1965.
Results showed that the primary energy requirements were 62% API syritBésidistribution,

14% packaging, and 4% formulation.

In the study byJiménezGonzélez (2000Q)the LCA of Sertraline Hydrochloride (an chiral
antidepressant) was evaluatétie goal of the study was to facilitate the evaluation, comparison,
and selection of alternative synthesis routes by incorporating the overall environmental impact
routesby using a cradko-gate approach (i.e., packaging and distribution of the drugnats
examined)It was found that the was a strong relationship between the complexity of the system
and the environmental aspects in the early stageSedfalinesynthesis.When more steps,
intermediate isolation, and solvents were used, more wasteg@rgeratedOverall, two main
factorshad a great influence over environmental performance: solvent utilization and energy

usage.

In the 2004 study byiménezGonzalezt al, a cradleto-gate LCIA was conductetb determine
environmental impacts in the synthesis of a typical ARkir resllts showed that solvent use
accounts for the majority of the potential cratlegate impacts associated with the manufacture

of the commercial pharmaceutical product. Further, if spent solvent is incinerated instead of
recovered, the lifeycle profile ad impacts are considerably increased.

2.4.2 Sub-System Case Studies in Pharmaceutical Industry

Subsequently, LCA was used to assess specifisgsiems such as solvents, catalysts, equipment,
waste streams, and processing optiofise pharmaceutical industry has employed LCAs to
evaluate different materials, such as solvdditménezGonzalez & Overcash, 2014SK and

AstraZeneca have integrated LCA into their solvent selection progesSest r aZenec a, n.



et al., 2008)Capello et al., (200™eveloped a framework that combined Environment Health and
Safety (EHS) assessments with LCA.

Nielsen et al., (200erformed a cradio-gate LCA for industrially produced enzyme products.
Enzymes are biological catalystst have a large capacity to increase the speewofeavariety

of biochemical reactiong.hey are able to increase theatjty, speed, and yield of processes and
also reduce energy consumption and use of hazardous chefingalstudy investigated a cradle
to-gate LCA for five representativenzymes The environmental impacts of producing these
enzyme products vary by actar of 10 or moreThis variation waexplainedby differencesn
fermentation timeformulation type, production yield, and strength of the final product. The main
source of environmental impact was usually the fermentation process due to the eleciticity

ingredient consumption.

Adams et al., (20D)3contributed to the development of GSK's reagent guide, which incorporated
LCA into reagent selectionThey developed a reagent guide that ranked thenmty used
reagents for 15 transformations to reduce the environmental impact of drug discovery and
development. The reagents were scored by a combination of health, safety, and environmental risk
phases, life cycle analysis, and an assessment of thestheimecluding considerations of atom
efficiency, stoichiometry, workup, and other issueSuides covered alkene reduction, amide
formation, GH bromination, GH chlorination, deoxychlorination, epoxidation, ester formation,
ether formation, fluorinationpdination, ketone reduction, nitro reduction, oxidation of alcohols

to aldehydes and ketones, reductive amination, and sulfur oxidatiams et al., 2013)

2.4.3 Alternative Chemical Route Case Studiesin  Pharmaceutical Industry

The next stage involved comparing different chemical routes or processing alternatives. This
included comparing chemical and biological routes or evaluating the impacts of producing
different moleculegJiménezGonzalez & Overcash, 2014)CAs have explored various chemical

routes for different AR.

For instanceHenderson et al., (20p&onducted an LCA comparing a chemical route to an
enzymatic route for producing-aminocephalosporic acid.he routes studied were a chemical
synthetic process araltwoenzyme catalyzed procegscradleto-gate LCl wasonductedand

results compared the synthetic efficiency, environment, health, safety, and life cycle metrics for
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both processes. It was found that tiemical synthetic process had a higher yibid,a much

lower reaction mass efficien@nd half the mass productivity of the enzymatic process. Further,

the chemical process used more hazardous materials and solvents and required about 25% more
process energy than the enzymatic procé&3egerall, the chemical process had a larger

environmental impactnainly due to the production of raw materials.

2.4.4 Formulation Case Studies in Pharmaceutical Industry

As understanding grew, LCA was extended to assess the environmental profiles of formulated
products, icluding dosage formsuch aslevices, tablets, liquids, and creafdisménezGonzalez

& Overcash, 2014)Some companies conducted full LCAs, while others focused on carbon
footprints.Additionally, companiegxaminedenvironmental and carbon footprints for their global
operations, often as part of corporate responsibéipprting and to identify areas for improvement
(JiménezGonzéalez & Oercash, 2014)

2.4.5 Crystallization Specific LCAs in Pharmaceutical Industry

From the literature review ofLCA in the pharmaceutical industry it was found that thera is
significant research gap regarding the application of LCAs specifically to the drgdiatl steps
of API purification. To date, there hatseenno studies focusing on this crucial aspsud will be

the focus of this project.
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Chapter 3. Background Information

This chapter will presentey background information on crystallizatiosolvents life cycle

assessmenand solvent recovery systems.

3.1 Crystallization

Solids can be either crystalline (ordered structure) or amorphous (unordered structure). Crystalline
solids have a regular arrangement of particles into a fixed, rigid pattern (i.e., lattice). They are
anisotropic because their mechanical, electrical, e@gnand optical properties vary with
dimension The regularity of their internal structure allows crystals to have smooth faces develop
as the crystal grows and have the planes of the faces parallel to the atomic planes of the lattice
(Mullin, 2001).

3.1.1 Crystal Symmetry and Structure

There are three simple elements of symmetry: central, axial, and planar. From the elements of
symmetry, a total of 32 point groups can be constructed pdhr groups are categorized into
seven different systems: regular (5), tetragonal (7), orthorhombic (3), monoclinic (3), triclinic (2),
trigonal (5), and hexagonal (7). By combining the seven crystal systems with the 32 point groups,
there are a total @20 space groug®ullin, 2001).

3.1.2 Types of Crystalline Solids

There are four main types of crystalline solids: ionic, covalent, molecular, and metallic. lonic
crystalsarechargedios hel d i n place by electrostatic for
effectives charges and are connected by a framewfarkivalent bonds. Molecular crystals hold
molecules together by weak attractive forces (elgpnds, and Fbonds). Metallt crystals contain

an ordered array of identical catioihdullin, 2001)

3.1.3 Isomorphs & Polymorphs

When two or more substances crystallize in almost identical forms, they are termedpiss.
Isomorphs are usually chemically similar. At times, isomorphs can crystallize together out of

solution to created mixed crystals. In these cases, no fixed pattern is found due to the composition
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of homogeneous solid phase deposited. Mixed crystigigend largely on the relative
concentrations and solubilities of the substances in the original solvent. Additionally, isomorphs

commonly show formation of overgrowth crystéigullin, 2001)

Polymorphs are substances capable of crystallizing into different, but chemically identical
crystalline forms. Polymorphs sometimes undergo transformations without a change of external
form. This results in an aggregate of very small crystadsadifie modification confined within the
boundary of the original unstable form. When polymorphs are not interconvertible, the crystal
forms are monotropic. Sometimes the term isopolymorphism is used when each of the
pol ymor phds f or mssonwiphous nith the respsctiva polyraorphoss farm of
another substang¢®ullin, 2001).

3.1.4 Chirality

Enantiomers are two crystals of the same substfatare mirror images of each othén these

cases, they do not have planes or centres of symmetry. An optically inactive solution that has
enantiomers is termed a racemate. Crystalline racemates have two main classes. Conglomerates
areanequimolar mechanical mixture of two pure enantosn Racemic compounds are equimolar
mixtures of two enantiomers homogeneously distributed throughout the crystal (isttilia,

2001)

3.1.5 Crystal Habit

The faces of crystals casary considerablyin relative size and nearly all crystals are distorted to
some degree. Hence, perfect geometric symmetry is rarely observed in crystals. For example, a
stunted growth in the vertical direction results in a tabular crystal; an elongated guaivéh

vertical direction yields a needle or acicular cryétéllin, 2001).

The relative growth of crystal faces can be altered, and often controlled, by several factors. Rapid
crystallization can result in formation of needle crystals. Impurities in the crystallization solution
can stunt growth of a crystal in certain directions. Changing solvents can produce different changes
in the habit of the crystal. The degree of supersaitmaor supercooling of a solution can also

exert a considerable influence on crystal h@itllin, 2001).
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3.1.6 Crystal Formation

Rapid crystallization from supersaturatamutions frequently produces trike formations (i.e.,
dendrites). These produce a main crystal stem quite rapidly and then grow primary (and sometimes
secondary) branches, usually at & &gle. Dendrites most often form during the early stages of
crystallization. At later stages, more uniform growth occurs. Dendrite formation tends to be
favoured by substances that have high enthalpy of crystallization and a low thermal conductivity
(Mullin, 2001).

Commonly, crystals exhibit some form of aggregation or intergrowth. The presence of aggregates
in a crystalline mass can spoil the appearance of the product and interfere withfitsifireg
nature. Aggregation is also most oftenigative of impurities andhese aggregates increase

difficulties with removal all the mother liquor, even after efficient wash{ivullin, 2001).

Composite crystals may occur in silgymmetrical forms or in random clusters. Parallel growth
occurs when individual forms of the same substance grow on twea@nother in such a way that

all corresponding faces and edges of individuals are parallel. Twins (or macles) are composed of
two intergrown individuals similar in formrandjoined symmetrically about an axis or a plane.
Parallel growth or twinning are usually encountered when crystallization has been allowed to take
pace in an undisturbed medium. Certain impurities in the crystain medium can also cause

twin formation, even under vigorously agitated conditifivisllin, 2001)

3.1.7 Crystal Imperfections

Very few crystals are perfect. There are three mainfsitfects found in crystals: point, line, and

surface defects.

Point defects occur only at a single point within the lattice network. There are a few types of point
defects. Vacancies, lattice sites where units are missing, leave holes within thestiatttee.
Interstitials are foreign atoms that occupy interstices between the matrix atoms of the crystal and
often lead to distortions in the lattice. Substitutional impurities occur when a foreign atom takes
the place of a matrix ato(Mullin, 2001).

Line defects occur when a slip or shearing of the crystal occurs. There are two main types of line

defects. A slip dislocation causes the dislocation in a linear fashion whereas stoeatidns
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cause atoms to be displaced around the dislocation line. Screw dislocations can result in the

development of a spiral growth pattern over the crystalfdcdin, 2001).

Surface defects are produced in crystalline materials because of mechanical or thermal stresses or
irregular growth. Grain boundaries are created between individual crystals of different orientation
in a polycrystalline aggregate. Tilt boundaries are\egjent to a line of edge dislocations and

twist boundaries can be considered a succession of parallel screw dislo@atitims 2001).

3.1.8 Yield

Theoretical crystal yield can be calatdd if the solubility data for substance in a particular solvent
is known. This is the maximum yield of pure crystals that could be obtained by cooling or
evaporating crystallization for the given solution. Actual yield may be higher than the theoretical

yield because crystal masses retain some of the mother liquor, even after fi{ivatilom 2001)

Drying can help remove remnants of the mother liquor but can also cause tred tfpmgstals

to become more brittle and be of lower grade than the rest of the crystals. An alternative method
would be to wash the crystals to reduce the amount of mother liquor retained. However, this adds
the danger of reducing the final yield by shlving some of the crystals into the wash solution.

The efficiency of washing is largely dependent on the shape and size of the (ksilals 2001).

3.1.9 Effect of Impurities

Pure solutions are rarely encountered because some level of impurity will always be present. For
example, a third substance (i.e., the impurity) in a binary system may result in no change (unlikely),
a reaction, supersaturating a solution (sgltin), or undersaturating a solution (salting out)
(Mullin, 2001).

3.1.10 Phase Change Detection

To understand the complete picture of the behaviour of a system, a phase diagram is often
developed over a wide range of temperatures and pressures. The number of parameters needed is
the minimum number of chemical compounds required to express the composition at any phase.

Phases are a homogeneous part of a system.
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The heat effects accompanyiagcrystallization process may be determine by conducting heat
balances over the system. Through thermal analysis, phase change is always accompanied by an
enthalpy change. The heat effect can be observed if a cooling curve is plotted for the system
(Mullin, 2001).

3.1.10.1 Differential Thermal Analysis
Differential Thermal Analysis (DTA) method is used to observe the phase changes and measures

the associated change in entha{Mullin, 2001) The process involves heating a small sample
near a reference material in an identical container. The reference material must not exhibit any

phase change.

3.1.10.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a calorimetric technique for observing thdigqal

phase changéMullin, 2001) Two independently controlled heaterdoal the sample and
reference pans to be heatedadixed rate. The instrument detects the change in temperature
between the sample and reference and records the amount of heat added or removed. Sharp peaks

would represent more pure samples than broadsspe

3.1.10.3 Dilatometry

Dilatometry detects phase change byeasuringchanges in volume. It is widely used in the
analysis of melts and usually quite simple since solids absorb heat on melting and(shpamd
2001)

3.1.11 Nucleation

Supersaturation and supercooling are not usually sufficient for a system to begin to crystallize. For
a system to crystallize, several minute particles,(seeds) must be present. The seeds act as

centres otrystallization.

3.1.11.1 Primary Nucleation

Primary nucleation is considered to not contain any crystalline matter prior to nucleation (i.e., no
induced seedingMullin, 2001). For a homogneous nucleation, the formation of crystal nuclei
requires molecules to coagulatensistentlyand become oriented in a fixed lattice. The number

of molecules in a stable crystal nucleus can vary from ten to thousands.
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3.1.11.2 Secondary nucleation

Secondary nuelation occurs when a seed is introduced to the solution to induce nucleation
(Mullin, 2001). A supersaturated solution nucleates much more readily when crystals of the solute
are alrady present or deliberately added. Small crystalline fragments often grow much more

slowly than macrocrysta(®ullin, 2001).

Seeding is the best method for inducing crystallizaghullin, 2001). Seeding is the inoculation

of a supersaturated solution with small particles of the material to be crystallized. Deliberate
seeding is frequently employed in indudtagystallization to affect a control over the product size.
Seed crystals do not necessarily have to consist of the material being crystallized to be effective
(Mullin, 2001). Largeseed sizes generate more secondary nuclei in agitated systems than do small

seeds because of their greater contact probabilities and collision energies.

3.1.11.3 Effect of Impurities on Nucleation

The presence of impurities in a system can affect nucleation behaVie presence of colloidal
substances can suppress nucleation. Certain statdiee agents and traces of foreign ions also
exert a strong inbiting effect. Increaag cation charge will also increase inhibition. lonic
impurities can reduce the indignt period and the presence of soluble impurities can also affect
the induction perio@Mullin, 2001).

3.1.12 Recrystallization

It is often possible to remove the impurities from a cryis&linass by dissolving the crystals in a
small amount of fresh hot solvent and cooling the solution to produce a fresh batch of purer
crystals. To reach a specific purity, the recrystallization stepn@agto be repeated several times.

Eutectic systemsan yield neaipure crystals in a single recrystallization sgifullin, 2001)

During recrystallization, solvent choice depends on the nature of the required substance and the
impurity. The impurity should be very soluble in theosensolvent at the lowest temperature
operated. The substance should have a high temperature coeffigetubility so that high yields

can be obtained within a small temperature range.
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3.1.13 Crystallization Types

There are four main crystallization types: cooling, antisolvent, evaporative, and reactive. At times,
some processes contain a mix these crysaithia typesFor example, most processes will usually
contain an element of coolirtg return the solution to room temperature. Howet@properly
classify these processasa specific crystallization type, the main process step involved in the
crystallization of the API will be its crystallization type (e.g., if an antisolvent addition caluses
majority of the crystallization to occur, it would be classified as an antisolvent crystallization

process even if some solvent evaporation and cooling occurs)

3.1.13.1 Cooling Crystallization

Cooling crystallization uses temperature differences to crystallize a substance. This is conducted
by dissolving a substance to its saturated level at a high temperature and then quickly cooling it so
it can crash outA typical scheme for cooling crystedation is found inFigure 3-1 and an

equipmentnd stream tables found Trable3-1 and
Table3-2, respectively.

Evaporated

API Seed Solven! Solvent(s)
Wash
HEATING
Solvent(s) /_ \ O e
F-100 D-100
V-101
HEATING E L [»—> API Product

! Solvent
COOLING !

Waste

Figure3-1. A typical process flow diagram of a cooling crystallization process.

Table3-1. Typical Equipment Table for a Cooling Crystallization Process.

Equipment Label | V-100 V-101 F-100 D-100
Equipment Heating Vesse Cooling Vessel | Filtration = Vacuum
with Mixing with Mixing Unit Dryer
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Table3-2. Typical Stream Table for a Cooling Crystallization Process.

Stream Label Stream Description Phase
1 Starting API Solid
2 Solventmixture Liquid
3 Solvent mixture containing dissolved API Liquid
4 API Seed Solid
5 Crystallized API insolventmixture Slurry
6 Solvent mixture used as wash Liquid
7 Liquid solvent waste with trace amounts of undissolved A Liquid
8 API wet with remains of solvent Wet solid
9 Evaporated solvent Gas
10 Final API product Solid

3.1.13.2 Evaporative Crystallization

Evaporative crystallization uses héatrystallize a substance. This is conducted by dissolving a
substance to its saturated level and then applying heat to the solution to evaporate some of the
solution until the product precipitates typical schemedr evaporative crystallization is found in

Figure3-2 and equipment and stream tables are fourichlrie3-3 andTable3-4, respectively.

Distilled Solvent

I' Evaporated

Solvent{s)

—4p— Solvent Wash

——ap——» —— [—if;—> Final APl Froduct

Sohvent

HEATING COOLING > - - - - - ‘Wasts

Figure3-2. A typical process flow diagram ohavaporativecrystallization process.
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Table3-3. Typical Equipment Table fomgEvaporativeCrystallization Process.

Equipment Label | V-100 C-100 V-101 F-100 D-100
Equipment Heating Vesse Distillation Cooling Vessel | Filtration | Vacuum
with Mixing Column with Mixing Unit Dryer
Table3-4. Typical Stream Table fomeEvaporativeCrystallization Process.
Stream Label Stream Description Phase
1 Starting API Solid
2 Solventmixture Liquid
3 Solvent mixture containing dissolved API Liquid
4 Distilled solvent Liquid
5 Crystallized API insolventmixture Slurry
6 Crystallized API in solvent mixture Thick Slurry
7 Solvent mixture used agash Liquid
8 Liguid solvent waste with trace amounts of undissolved A| Liquid
9 API wet with remains of solvent Wet solid
10 Evaporated solvent Gas
11 Final API product Solid

3.1.13.3 Antisolvent Crystallization

Antisolvent recrystallization is commonly carried out as part of a standard polymorph screening
and are usually carried out at room temperature. Two different regimes can be used for antisolvent
recrystallization: direct and reverse. The direct methodlwegoslowly adding the antisolvent to
solution. The reverse method adds the solutiogctly into the antisolventA typical scheme for

antisolvent crystallization is found irigure 3-3 and equipment and stream tables are found in

Table3-5 andTable3-6, respectively.
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Antisolvent ———€p——— ——)——» Evaporated Solvent(s)
—p— Solvent Wash

API

g — Final APl Product

F-100 D-100

Solvent(s) +>

V-100

Solvent MESIING

Waste

Figure3-3. A typical process flow diagram ofhaantisolventrystallization process.

Table3-5. Typical Equipment Table for alntisolventCrystallization Process.

Equipment Label | V-100 F-100 D-100
Equipment Vessel with Filtration | Vacuum
Mixing Unit Dryer

Table3-6. Typical Stream Table for alntisolventCrystallization Process.

Stream Label Stream Description Phase
1 Starting API Solid
2 Solvent mixture Liquid
3 Antisolvent Liquid
4 Crystallized API in solvent mixture Slurry
5 Solventmixtureused as wash Liquid
6 Liguid solvent waste with trace amounts of undissolved A| Liquid
7 API wet with remains of solvent Wet solid
8 Evaporated solvent Gas
9 Final API product Solid

3.1.13.4 Reactive Recrystallization
Reactive crystallization uses a reactant that will cause a reaction with the compound dissolved in

solution. The product created is not as soluble in solution and then precigitatpgal scheme
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for reactive crystallization is found iRigure 3-4 and equipment and stream tables are found in

Table3-7 andTable3-8, respectively.

Evaporated
Solvent

Starting API Wash Solvent(s)
Reactant(s) {HEATING ]
Solvent(s) / : —
\ -
F-100 D-100
[HEATING> e o L f»>——> API Product
COOLING» - - - - ﬂ,}—b S\‘;’:’;Zl
Figure3-4. A typical process flow diagm of areactivecrystallization process.
Table3-7. Typical Equipment Table for a Reactive Crystallization Process.
Equipment Label | V-100 V-101 F-100 D-100
Equipment Heating Vesse| CoolingVessel | Filtration | Vacuum
with Mixing with Mixing Unit Dryer
Table3-8. Typical Stream Table for a Reactive Crystallization Process.
Stream Label Stream Description Phase

1 Starting API Solid

2 Solvent mixture Liquid

3 Reactant(s) Solid

4 Solvent mixture containing dissolved API Liquid

5 API Seed Solid

6 Crystallized API in solvent mixture Slurry

7 Solvent mixture used as wash Liquid

8 Liquid solvent waste with trace amounts of undissolved A Liquid

9 APl wet with remains of solvent Wet solid

10 Evaporated solvent Gas

11 Final API product Solid
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3.1.14 Polymorphism

Polymorphisms represent crystal systems where a substance can sixigttures characterized

by different unit cells while each form still consists of the same elemental compdBititiain,
2009) Additionally, solvatomorphism, occurs for crystal variations where the crystal structure of
the substance is defined by other unit cells where these unit cells differ in elemental tomposi
through inclusions of one or more molecules of solyBnttain, 2009)

Due to differences in dimensions, shape, symmetry, capacity, and void volume of the unit cells,
the different polymorphs of given substance have different physical properties arising from
differences in molecular packing. Some properties include molecular volume, molar volume,
density, refractive index along a given crystal axis, thermal conductivity, electrical conductivity,
and hygroscopicityBrittain, 2009) These differences among the crystal forms of a polymorphic
system have become extremely intargstto pharmaceutical scientists because they can
sometimes lead to obsable difference that have implications on processing, formulation, and
drug availability(Brittain, 2009)

3.1.14.1 Enantiotropy & Monotropy

The difference in free energy between the forms is a decisive factpolfonorph stability. The

form exhibiting the lowest free energy is the most stable. For two different polymorphs, if the
temperature dependence of the free energies of the forms differs, the curves cross at a certain

temperature and are considered isogeigc (Brittain, 2009)

For two enantiotropic polymorphs, the enthalpy and free energy curves of the liquid state can be
examined. A reversible transition between forms can be observed at the traesitpmrature

(i.e., where the free energy curves cross). The existence of enantiomorphism in the system is
indicated by the fact that the free energy curve for the liquid phase intersects the free energy curves
of both polymorphs at a temperature that gher than the temperature of the transition point
(Brittain, 2009)

Several rules have been developed that serve to aid in the elucidation of the relative order of
stability of polymorphs, and to faciltiathe determination of the existence of enantiotropism or
monotropism in a polymorphic system. The most applicable rules ahedheffusion ancheat

of transition.
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Theheat offusion rule states that for enantiotropic systems, the enthalpy of fudstericst form

is less thaiits secondorm, whereas the enthalpy of fusionitsffirstform is more thaiits second
form for monotropic systemgBrittain, 2009) The heat of transition rule states th&or
enantiotropic systems, the phase transitiatsafecondorm tofirst form is endothermic, whereas
the phase transition @6 secondorm tofirst form is exothermic for monotropic systefigittain,

2009) The sign and magnitude of enthalpy change can also be determined by DSC.

3.1.14.2 Nucleation & Crystal Growth

For substances capable of existing in two or more polymorphic forms, each polymorph would have
its own characteristic curves. It will also have own characteristic value of critical radius and
free energy(Brittain, 2009)

When it was discovered that compounds could be obtained in more than one form, several cases
were documented where thmetastable form of a compound crystallized first and then
subsequently transformed into a mBritten 2009pnbl e f
Since the stable form would have the lower sililyb a process of solutiomediated phase

transformation is set up where, over time, the metastable phase transforms into the stable phase.

Concomitant crystallization referto the situation where both polymorphs are obtained in a
process. Epitaxial gstallization refes to the situation where a stable or metastable crystal form
is obtained on foreign surfac@Brittain, 2009)

3.1.14.3 Structural Aspects of Polymorphism

An ideal crystal is constructed by thdinite regular repetition in space of identical structural
units. When considering structures of organic molecules, different polymorphic crystal forms can
be formed along two distinguishable routes. If the molecules can be constrained to existlin a rig
grouping of atoms that lacks conformational lability, these may be packed in different motifs to
occupy the points of different lattice types (i.e., packing polymorph{Bmitain, 2009) If the
molecues are not rigidly constructede can transpire that each of these conformatioreiéy
distinct modifications packed into its own characteristic structure (i.e., conformational

polymorphism)Brittain, 2009.
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3.1.15 Aspects of Solvatomorphic Systems

A solvatomorph is a system where crystal structures of the substance are defined by different unit
cells but and where unit cells differ in their elemental composition through the inclusion of one or
more moleculeof solvent. It has also been defined as a crystalline solid in which solvent
molecules have become included in the structure through positional substitution at positions that
are sitespecific and that are related to other solvent molecules through ti@malasymmetry
(Brittain, 2009) They can be classified by the ratio of drug substancestbaher stoichiometric

fixed ratios of APl and solvent or natoichiometric. Many solvents are known to form
solvatomorphgBrittain, 2009)

Although the presence of most of the solvents in an APl might raise toxicity cortemesare
several reasons for which solvatomorphsaoforganic solvent would be of terest(Brittain,
2009)

- Solvatomorph could be the penultimate solid fprm
- Solvatomorph could be specifically chosen for recovery or purification
- Solvatomorph could be characterized by a crystal morphdlayg facilitates performance
of a step in the manufacturing progess
- Solvatomorph could be tipply crystalline form suitable for crystal structure determination
of the drug substance by means of sirglestal Xray;,
- Solvatomorph could be useful in asdévated form that facilitasgts dissolution
- Solvatomorph could constitute new intellectual property and be patentable
Water is the solvent that forms the largest number of pharmaceutically useful solvatomorphic
solids. It has been estimated that agprately onethird of drug substances can form crystalline
hydrateqBrittain, 2009) Dehydration may lead to amorphous phase formationiarsdme cases

even degradation of the API.

Aqueous granulatiorparticle size reduction, film coating, and tablet compression all provide
opportunities to Atrapod a compound in a metas"
some unpredicted point in the life of a dosage f@Bmittain, 2009) Alternatively, a kinetically

favoured but thermodynamically unstable form may be converted during these processes to a more
stable and less soluble fofifrittain, 2009)
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Monohydrates are commgoutthe occurrence of hydrates beyond trinydrééar less comman
Hemihydrates (0.5 water) and sesquihydrates (1.5 water) are also relatively frgyiteain,
2009)

3.1.15.1 Hydrates

In nonstoichiometric hydrates, the hydrogen bonding is weak. When hydrogen bonding is strong,
it is typically stoichiometric and rigidly incorporated in the structure ottistal(Brittain, 2009)

Van der Waals forces account for most of the lattice energy in less polar molecules. Coulomb
interaction is moreommonfor polar molecules. The consideration of these forces eaidolated

site hydrates, channel hydrates, and metabssociated hydrat€Brittain, 2009)

Isolated site hydratexccur wherwater molecules are isolated from direct contact with other water
moleailes by intervening drug molecul@rittain, 2009) Water molecules are an integral part of
the lattice and have no or limited contacts with other water molecules. When dehydrated, the

crystal lattice cddpses and forms an unstable form or amorphous phase.

Channel hydratesccur wherthe water molecules included in the lattice lie next to other water
molecules of adjoining unit cells along an axis of the lattice, forming channels through the crystal
(Brittain, 2009) Water molecules in these hydrates form wormholes along an axis of the lattice.

Once dehydratethe crystaktructure usually remains intact.

Metal ion-associated hydrategcur wherwater mdecules are bound directly to a metal ion, either

as part of a coordination complex in the case of transition metal ions, or through strong ionic bonds
as in the case of an alkali metal and alkaline earth(Bntain, 2009) The water molecules are
coordinated to a metal cation through the lpae electrons of the oxygen atoms of bound water

molecules. Dehydration usually takes place at a very high temperature.

3.1.15.2 Behaviour of Solvatomorphs During Processing, Handling, and Storage

If the crystalline state of the bulk drug substance is a metastable polymorph or solvatomorph, the
introduction of sufficient energy to overcome any activation energy barrier may cause a phase
transformation into a more stablarin during processing. A solution mediated transformation of

a metastable form to a stable form may also happen during proc@3sitagn, 2009)
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3.2 Solvents

It is often difficult to determine the best geht for a substance. Sometimes turgsof solvents

possess the best properties for a given substance. Other times, a second solvent is added to reduce
the solubility and initiate crystallization (i.e., antisolvent crystallization). In the case of aatitol
crystallization, both solvents must be miscible with one another. The fundamental driving force

for crystallization is the difference between the chemical potential of the given substance in the
transferring solution anthat in thetransferred (i.e grystal) stat€Mullin, 2001)

3.2.1 Choosing a Solvent

There are several considerations that must be made when choosing an appropriate solvent for a
crystallization process. ltisimpatnt t o consi der the substances?o
andwhetherthe substance is easily deposited in the desired crystalline FPotar. solventdend

to dissolve polar substances and nonpolar solveni$to dissolve nonpolar substances. It is
important to ensure that the solute and solvent do not have close to the same solubilities with one
another. Otherwise, crystallization may not od@ddullin, 2001)

Additionally, no deleterious impurities should be introduced into crystallization systems. Solvents
should be as pure as possible and stable under all foreseeable operatitignsofi.e., will not
decompose or oxidate). The solutes and solvents should not react, and highly viscous solvents
should be avoided. Since most organic solvents are flammable, stringent operating conditions and

safety precautions must be in plgb&ullin, 2001).

3.2.2 Residual Solvent Classes

All organic solvents are toxic to some degree. However, some are more dangerous than others.
The International Council for Harmonisation (ICH) ha#t in place a Guideline for Residual
Solvents(2016) They organized solvents into three classes (1, 2, and 3) according to their risk.
Class 1 solventweresolvents to be avoided, Class 2 solvents were solvents to be limited, and
Class 3 solvents were solvents with low toxic potergtraernational Council of Harmonisation,

2016) Table3-9 shows the list of solvents commonly used in crystallization processes and their

associated residual solvent classification.
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3.2.3 Solvent Types

There ardour main types of solvents: polar protgolar aprdic, dipolar aprotic, and nonpolar
aprotic. Table 3-9 contains a list of common solvents used in crystallization processes and their

associated solvent type.

Table3-9. Example ofSolventClassificationAccording to the International Council of
Harmonisation's Guideline for Solveris Well As Their Associatedsolvent

Type.

Solvent Name

Solvent Class

Solvent Type

Methyl TertButyl Ether
Ultra-Pure Water

Non-Polar Aprotic

1,4-Dioxane 2 Non-Polar Aprotic
Acetonitrile 2 Polar Aprotic
Dichloromethane 2 Polar Aprotic
Dimethyl Acetamide 2 Polar Aprotic
Methanol 2 Polar Protic
Tetrahydrofuran 2 Polar Aprotic
1-Propanol 3 Polar Protic
Acetic Acid 3 Polar Protic
Acetone 3 Polar Aprotic
Dimethyl Sulfoxide 3 Polar Aprotic
Ethanol 3 Polar Protic
Ethyl Acetate 3 Polar Aprotic
2-Methyl Tetrahydrofuran 3 Polar Aprotic
Heptane 3 Non-Polar Aprotic
Isopropy! Alcohol 3 Polar Protic
Isopropyl Acetate 3 PolarAprotic

3

3

Polar Protic

Polar protic solvent molecules interact by forming stroAgaHds.These solvent molecules have
dissociable hydrogen atoms. Polar protic solvents tend to contain OH or NH groups that are able
to form these hydrogen bondgo dissolve the solute, the solvent must be able to break-the H

bonds and replace them with bondssmhilar strengthPolar aprotic solvent molecules have no
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dissociable hydrogen atoms and are unable to form hydrogen Gdredsusually lie within the

medium range of polarity and are polar due to bauds as<C=0 (Mullin, 2001).

Dipolar aprotic solvents have high dielectric constants. These solvents interact bydgptde
integrations. If the solute is also dipolar or aprotic, they can form similar elijgodde bonds.
Non-polar substances are unable to interact with dipoles and cannot dissolve. BlidBsare

soluble in basic dipolar aprotic solvents due to the highber oH-bonds formedMullin, 2001).

Non-polar solvents have low dielectric constants and interact by weak Van der Waals forees. Non
polar solutes are readily soluble due to their weak Van der Waals forces that interact with the
similar strength forces of the solvent. Dipolar and potatip solutes have low solubility in these

solvents except when ngrolar complexes are forméMullin, 2001)

3.2.4 Solubility

Solubility tends to increase with temperat(ivullin, 2001). The solubility characteristics of the
solute in each solvent have considerable influence on the method of crystallization. For example,
i f a sol ut e 6da changel mudh wikthitemperatre, emlingcrystallizasioould be
avoided due to low vyield. Effects of pressuane usually considered to be negligible in most

crystallization processéMullin, 2001)

3.2.5 Measuring Solubility

When measuring solubility, temperature control is essential. Agitation is usually necessary to bring
the liquid-solid phases into contact. However, agitation in an open vessel is not recomchemded

to potential I®s of solvent. The achievement of equilibrium (i.e., solubility) presents one of the
major experimental difficulties. Several instrumental methods have been used to calculate the
solubility of a substance in a solveahd databases are available for kn@ambinationgMullin,

2001)

3.2.6 Supersaturation

Supersaturation occurs when a saturated solution is in a thermodynamic equilibrium with the solid

phase at a specific temperature. Thetesof supersaturation is required for all crystallization
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operations. In labile supersaturation, spontaneous nucleation occurs whereas in metastable

supersaturatigrspontaneous nucleation would not oc@ullin, 2001).

3.3 Solvent Recovery Systems

Solvent recovery systems are usuaiiyplementedo avoid sending waste solvent to incineration.
For this project, distillation columns were used as the main separation unit for solvent recovery
systems. Althoughlistillation can be more energy intensive than other separation methods (e.g.

pervaporation or membranes), it is ugsedely in industry.

3.3.1 Distillation

Distillation is a separation process based on differences in the volatilities and boiling points of
chemicals in a liquid mixture. In distillation, one or more feed mixtures of two of more components
are separated into two or more products, @fteh limited to, an overhdalistillate and a bottoms
product. These produ@sompositions differ fronmthoseof the feed(s)Seader et al., 2016)
Usually, the feed(s) are a vapdiguid mixture. The bottoms product is almost always a liquid
and the distillate may be a liquid, vapour, or a mixture of the(&eader et al., 201L.6p50me of

the condensed vapour returns to the column as reflux to aid the separation (#focagye et al.,
2021) In distillation, separation requires a second phad® formed so it both liquid and
vapour are present and can make contact while flowing ceouteznt to each other in a trayed

or packed columSeader et al., 2016)

The relative volatility of the components in a liquid mixture indicates the effectiveness of the
separation between the more volatile (light key) and less volatile components (heawrdey).
experimental data, for relative volatilities higher than 1.2, distillation should be a suitable
separation process. If the values fall between 1.2 and 1.05, distillation could still be a good option,
but some other separation methods should alsormdayed. If the relative volatility falls below

1.05, then distillation should be avoidé&boagye et al., 2021)T'he most common distillation

types include flash, fractional, steam, extractive, and azeotropic distillation.

3.3.1.1 Equipment Design and Considerations

Distillation columns can either have trays or be packed. There are several fadtor8ubace
the design or analysis of binadystillation operatior{(Seader et al., 2016)hey are:
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- Feed flow rate, composition, temperature, pressure, and phase
- Desired degree of component separation

- Operating pressure (which must below critical pressure of mixture)
- Pressure drop (particularly from vacuum operation)

- Reflux ratio

- Number ofequilibrium stages and stage efficiency or HETP

- Type of condenser (total, partial, or mixed)

- Degrees of liquid reflux subcooling

- Type of reboiler (partial or total)

- Type of trays or packing

- Column height

- Feedentry stage

- Column diameter

- Columninternals and materials of construction

- Heat lability and chemical reactivity of feed components

- Corrosion and materials of construction

- Toxicity and flammability.

3.3.1.2 Initial Considerations of Design Factors

Temperature and phase of the feed are determirtbe &tedtray pressure by an adiabatiash
calculation across the feed valve. As the feed vapour fraction increases, the required reflux rate
increases, but the boilup rate decrea$ssader et al., 20L6As column operating pressure
increases, temperatures in the column also increase. The operating pressure at the top of the column
shoutl correspond to a saturated distillate temperature that is somewhat higher than the supply
temperature of the cooling water to the overhead condenser. It is important to note that if the
pressure approaches the critical pressure of the more volatile centptiren a lower pressure

must be used, and a refrigerant is required as the coolant. For a given feed, desired degree of
separation, and operating pressure, a minimum reflux ratio exists that corresponds to an infinite
number of theoretical stages. Thesin tradeoff is between the number of stages and the reflux

ratio (Seader et al., 2016)

3.3.1.3 Simulation Packages for Distillation

Due to the complexity of calculations involved in distillation, software simulation packages are
usually used to perform the calculations. However, the McTale method can be used to get

as a simplified method~or nonbinary mixtures and multiple component distillation, simulation

software is used due to the complicatigBsader et al., 2016)
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3.3.1.4 Multicomponent Distillation
Approximation methods do also exist for multicomponent distillation. They are often used for

preliminary design, parametric studies to establish optimal conditions, proctssssystudies to
determine optimal separation sequences, andetermineinitial input approximations for

rigorous, iterative methodSeader et al., 2016)

The FenskdJnderwoodGilliland (FUG) method can quickly provide estimates of operating
pressure, equilibrium stages, and reflux ratio for a desired separation between two key components
(Seader et al., 2016)hese inputs can then be added to simulations where a more rigorous method
can be used. Since the FUG method is useful for makingrpnelry multicomponent distillation
calculations prior to rigorous ones, it is often included in all process simulators. The FUG method
is particularly useful for the design of distillation columns for the separation of hydrocarbon

mixtures(Seader et al., 2016)

3.3.1.5 Types of Distillation
There are many types of distillation processes used usind This section will discuss flash,

fractional, steam, extractive, azeotropic, and multicomponent distillation.

3.3.1.5.1 Flash Distillation

Flash distillation is a process where a single stage process partially vaporizes the liquid feed under
vacuum or atmosmric pressure in a column. This creates two phases in thermodynamic
equilibrium (seeFigure 3-5) (Aboagye et al., 2021)A vacuum is used for the separation of
components with a high boiling point. By creating a vacuum, these compounds can be boiled at a
lower temperature. Flash distillation is usually applied to separate components that have a
difference in boiling points of more than 70&zekely, 2021)
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liquid

L x hy

Figure3-5. Schematic of a flash distillation urfiggland & Mazzotti, 2015)

3.3.1.5.2 Fractional Distillation

Fractional distillation is a technique that is used to separate components with similar boiling points

(i.e., less than 25°C differencépzekely, 2021) This separation is performed by repeated

vaporizations and condensations in a fractionating columrF(gae3-6). These columns consist

of several plates and the more volatile component will move towards the top while the less volatile

component will move to the bottom.

Columnn
(or Tower)

Feed
—

R

Condenser

Destillate product

Rl

Condenser
Destillate product

lux

Receiver

Refl

Condenser
ux Destillate product

Receiver

B

XHehni\er

Receiver

- - -

Condenser

Receiver

Bottoms

Receivar

Figure3-6. An example of a continuous fractional distillation colufwikipedia, 2020)
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3.3.1.5.3 Steam Distillation

Steam distillation is applied for the separation of fsegusitive compounds. Steam is used because
it provides good heat transfer rates without the need for high temperatures. For example, steam
distillation is commonly used in the extraction of essertdil (seeFigure 3-7) (Aleksic &
Knezevic, 2014)Steam $ produced in a boiler and is brought into the still. It contacts a mixture
of water and plant material at the base of the still. The steam transfers the energy to the water
mixture and water and essential oil vapour exits the still. The vapours are seddsing cooling
water and are sent to a gravity separator where the oil is collected at the top and the plant water is
collected at the bottom. This process is typically operated in bakeksic & Knezevic, 2014)

Cold water

Tank made of still

Water and Hot water
essential oil vapor

A . T Essential oil
Water and
Essential oil

and plant
water mixture

Cooling tank

Steam

Plant water

Water

Heating tank

Separation tank

Figure3-7. Essential oil extraction by steam distillatigXleksic & Knezevic, 2014)

3.3.1.5.4 Extractive Distillation

Extractive distillation is a separation process that uses a third component (entrainer) that is
miscible with the feed stream. It is commonly used to separate closegboidimponents and
azeotropes by introducing the entrainer. The entrainer does not form an azeotrope with any other
substance in the mixture and allows for easier separation between the components in the original
mixture (Aboagye et al., 2021By adding a large volume of, usually, hbbiling entrainer the
liquid-phase activity coefficients cdre altered so that the relative volatility of key components
becomes more favourable. It is important that the proper selection of entrainer is used so that each

species of the mixture has a varying affinity to the selected ent{&eader et al., 2016)
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A typical extractive distillation set up is shownkigure3-8. A binary feed mixture (species A

and B) is added to the first column along with an entraisier separation in the first column,

the distillate contains a purified stream of specieand the bottoms contain the entrainer and
species B. The bottoms feed is then sent to the second column where species B is extracted as a
purified distillate and the entrainer is collected in the bottoms and recycled back to the first column
(Wang et al., 2018)in this case, the entrainer has a lower boilingihan both species A and

B; however, some entrainers have boiling points betwieese ofspecies A and B. Extractive
distillation is a suitable method for the separation of mixtures with low relative vol@ibgagye

et al., 2021)

entrainer
make up entrainer L L
feed(S)
D1 D2
extractive
Feed N entrainer
—— distilation F2 |recovery
column column
B2
e ]
o entrainer recycle

Figure3-8. An example set up of an extractive distillation sysf@farng et al., 2018)

3.3.1.5.5 Azeotropic Distillation

Like extractive distillation, azeotropic distillation also adds an entrainer to the mixture. However,
the entrainer can form an azeotrope with the other components in the mixture. This facilitates the
separatiorby altering the relative volatility of clodeoiling or azeotropdorming components
(Aboagyeet al., 2021)

3.3.1.5.6 Conventional Distillation Sequence for Multi-Component Mixtures

Often, distillation is required for a feed that contains more than a binary mixture. Conventional

distillation sequence for mulitomponent mixtures is shownkingure3-9. A, B, and C denote the
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most volatile, middle, and least volatile components, respectively. A is removed as distillate in the

first column, and then B and C are sepedlan the second column.

0O, £,

BC

%] P2

Figure3-9. Conventional direct distillation sequer(¢&haniago et al., 2015)

ABC

3.3.1.5.7 Thermally Coupled Distillation

In conventional sequence distillation, every column contains a condenser and a reboiler for heat
transfer. However, it is possible to use a material flow to provide some of the necessary heat
transfer by direct contact (i.e., thermal coupling). Thermailypted distillation (TCD) systems

can be constructed through the carrying of two interconnecting streams (one in the liquid phase
and the other in the vapour phase) between the two columns. A popular TCD configuration is the
sequence with a side rectifi§see Figure 3-10a). The side rectifier is topologically and
thermodynamically equivalent to the thermally coupled direct sequéigerd 3-10b) but has
practical difficulty in engineering. The thermally coupled direct sequence system is easier to be
analyzed than the side rectifi@€Chaniago et al., 2015)n the thermally coupled distillation
sequences, A is still separated from the first column. B is $eparated in the second column. C

is separated in either the first column or in the second column with the absence of one reboiler in

the operation, depending on the configuration.
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- 25,
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Figure3-10. Thermallycoupled distillation sequences. (a) side rectifier configuration (b)
thermally coupled direct sequenghaniago et al., 2015)

ABC

(2)

3.3.1.5.8 Thermal Integration of Heat Pump Assisted Distillation

Distillation columns are thermodynamically comprised of a heat source (condenser) and a heat
sink (reboiler). Conventionally, the colunuseshot utility to supply heat to the bottom reboiler

and wastes heat to cold utility at the overhead condenser. Therefore, an obvious way to reduce
energy consumption is to integrate heat removal at the condenser to the reboiler. The heat pumping
system has emerged ane of the widely used schemes for continuous distillation columns among
various heat integrated distillation technig{€haniago et al., 2015)n these systems, excess

heat from one part of the process is pumped to another part of the process. Usually this is done to
pre-heat a feed stream prior to entering one of the colufims.provides thermal integration into

the system and allows for increased efficiency and lower utility costs.

3.3.1.6 Solvent Recovery System Layout

The solvent recovery system for this project (showhigure3-11) consists of a set distillation

units to separate the required amount of solvent to their necessary purity levels followed by a
filtration unit to collect the remaining solvent and then a vacuum dryer to collect any additional

portion of API.An equipmentable of the solvent recovery system can be fourichlrie3-10.
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Recovered Solvent i,
(Purity > 99.5%)

Waste Solvent Mixture
Post-Filtration

Evaporated
Solvent Waste

Y e
N —

SR-F100

SR-D100

_/ Additonal Recovered

API Product
Recovered Solvent j
é ; (Purity > 90%)
SR-P103
Figure3-11. PFD of solvent recovery system.
Table3-10. PFD of solvent recovery system.
Equipment Label | SR-C100 SR-F100 SR-D100 | SR-P10X
Equipment Distillation Filtration Unit | Vacuum | Centrifugal
Unit Drying Pumps

Unit

3.4 Life Cycle Assessment

Life cycle assessment (LCA) stands as a universally recognized framework employed to assess the
potential environmental impacts across all stages of a process, product, or service's life cycle. By
using LCA, one can quantify the resource consumption (iidlg materials and energy),
emissions, and subsequent environmental consequences throughout the entire supply chain. This
encompasses raw material extraction and conversion, manufacturing, transportation, sales,

distribution, use, and eventual dispoddhtthews et al., 2014)

The four fundamental steps involved in conducting an LCA are as folMaithews et al., 2014)
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1. Goal and scope definition, where the objectives and boundaries of the assessment are
established

2. Life cycle inventory analysis (LCI), which entails collecting and compitia¢ga on the
inputs and outputs of the system being studied

3. Life cycle impact assessment (LCIA), where the collected inventory data is evaluated to
assess its potential environmental impacts

4. Interpretation of the results, involving themprehensive analysis and communication of

the findings

The primary objectives of conducting an LCA can vary, but commonly include identifying process
hotspots associated with significant environmental impacts, comparing the environmental
performance ofalternative processes used to produce the same product, or evaluating the

environmental impact of various products serving the same function.

The initial LCA study conducted at Co€pola in 1969 marked a milestone in the field. It aimed

to compare the emanmental tradeffs between glass and plastic bottles, shedding light on their
respective impact@Matthews et al., 20145ince then, the capabilities of LCA have significantly
evolved, transforming it from a limited number of case studies to a recognized decaiom

tool for strategic direction. To provide a standardized framework for conducting LCA, the
International Standards Organization (ISO) issued a set of standards, namely ISO 14040 and its
subsections 14041, 14042, and 14043, between 1997 and RO@hezGonzalez & Overcash,

2014) These standards serve as guidance for aiimdguLCA studies, ensuring consistency and

reliability in the process.

During the goal and scope definition stage, which is the initial phase of LCA, the study's boundary
is determined based on the specific objectives. This boundary can encompassdhsipply

chain, covering the cradte-grave life cycle, or it may be limited to a specific section, such as a
chemical plant, known as gate-gate analysis. The projécs boundar y -torgatel be

analysis.

Moving on to the second stage of LCKnown as life cycle inventory analysis, the focus is on
guantifying input energy, materials, output byproducts/products, and emissions. Collecting
inventory data involves various methods, including industrial surveys to gathapediic

information, perform calculations, and establishing mass and energy balances across the system
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boundary. It is worth noting that inventory compilation is often the mostdmnsuming aspect

of LCA. In the context of pharmaceutical processing, obtaining reliable ldie ayventory data

can be particularly challenging. This is primarily due to the use of fine chemicals with complex
molecular structures, which are often produced through intricate synthetic procedures.
Additionally, the confidentiality of certain activeh@rmaceutical ingredient (API) synthetic
procedures limits the availability of dgi@tt et al., 2014)

The third stage of LCA, known as life cycle impact assessment (LCIA), easailgthe results
obtained from the life cycle inventory analysis to evaluate the potential human andaatolog
effects associated with the process or product under study. This assessment enables researchers to

gain insights into the environmental implications and potential impacts throughout the life cycle.

In the final stage of LCA, the interpretation staitpe resultsobtained are carefully examined and
discussed by researchers. The aim is to identify areas that require improvement to enhance the
overall sustainability of the process or product. This stage serves as a crucial step in identifying

opportunities for process optimization, product innovation, and sustainable development.

When conducting LCA, several challenges are commonly encountéreédnezGonzalez &

Overcash, 2014)'hese challenges include:

1 Developing a comprehensive strategy for inventory compilation that aligns with the study's
objectives, ensuring thall aelevant aspects of the system are considered.

1 Interpreting the LCA outcomes to inform decisimaking processes, which may involve
modifying the existing process, exploring innovative technologies, or developing new

sustainable products.

Although not et a routine practice in many businesses, the significance of LCA as a tool for
promoting environmental sustainability is gaining increasing attention. In recent decades, various
green metrics have emerged to facilitate the identification of bottleneaksasras for
improvement within business operatiqg@dsiams et al., 2013; Prat et al., 201Bxamples of such

metrics include:

1 Process mass intensity (PMI): The ratio of input materials (in kilograms) to the product (in

kilograms)
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1 Reaction massfficiency (RME): The ratio of reactants (in kilograms) to input materials
(in kilograms)

1 E-factor: The ratio of waste (in kilograms) to the product (in kilograms)

Additionally, these metrics have beesedto estimate the potential G@missions assaaied with
specific target productOtt et al., 2014) Consequently, guidelines have been formulated to
encourage sustainable practices in the pharmaceutical indiisti§nezGonzalez et al., 2011)

For instance, the-Eactor in the pharmaceutical sector tends to be significantly higher compared
to that of oil refining and bulk industries, primarily due to factors such as complex synthetic
procedures, APl isolation, and purification proceg€dset al., 2014)Therefore, pharmaceutical
industries are seeking to innovate by exploring alternative raw materials, designing novel synthetic
routes, and implementing advanced isolation and purification techniques to minimize wast
generationBecker et al., 2022apespite these efforts, the pharmaceutical industry still faces a
consideable waste management challenge, with organic solvents accounting for a significant

portion of thewastegeneratedPrat et al., 2013)
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Chapter 4. Methods

4.1 Mass Balance

The mass of substances and solvents added to the crystallization processes was determined through
the number of volumes in relation to the mass of APl added and dégisity) of the chemical.

All densities of the solutions were calculated at room tempergie., 25C).
a "W a (4-1

”

whereda is the mass of solvefy), ” is the density of the solve(d/L), w is the volumeatio

of solvent to APl mass (mL/g), aid is the mass of the API (g).

4.2 Energy Requirements

The heat required to change temperatures of the solutions was determined through the following

equations:

o ~ oo

YO awYyY (4-2)
'~ , 7 [ (4'3)
Q0 a w YQUY

whered is the mass of solverkd), @ is the heat capacity of the solvékd/KA K,@ndY"Vis the

temperature difference (K).

The integrated specific heat portion of the specific heat calculation for most solvents is shown

below:

6" Y &6°Y Y 06°"Y Y (4-4)

where® "Y is the heat capacity of the solvémtween two temperatur@sykg), "Y is theinitial

temperature (K))Y is the finaltemperature (K)and0 tod are constants.
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For heptangthe integrated specific heat portion is:

@ YQUYSYITg Y &YIig Y 6 Y Y (4-5)
oy Y Y
G0 0 oY
YUY Y Y oy 6 Y YooY
(o] aY v, oC P Y,
66°Y Y Y 6 Y YOY
p T Y P om P Y

where"Y is the critical temperature of the solvent (K).
To determine the total heat required for heati

the solution. Thé\PI was ignored in these calculations. The energy required to heat or cool each
solvent to its desired temperature was then combined with their masses to determine the total
energy required to heat that mass of solution. It was assumed that all sohagdst@adhe

processes were added at room temperature (i.€C)25

According toParvatker et al. (2019umping, filtration,drying, distillation,and stirring energy
requirements could be calculated using equations foufidlfe4-1.' O ,O0 hO hO h

Al @ are the energyequirements for pumping, filtratiordrying, distillation, and
stirring, in units of kWh, respectivelyx is the mass of the chemical species in kg. Subscripts
"GO ™ Byl ‘@refer to feed, evaporated solvent, liquid solution, distllate, respectivelyy”Y

is the temperature difference in;°€0 is the enthalpy of vaporization inMh; "Y is reduced
temperature;Yis the critical temperature in °G: is the efficiency’Y is the minimum reflux
ratio;| is the relative volatilityfd is the mole fraction of the light key in the distillatiah; is

the light key in thdeed;”Y “Yis the boiling point difference between of the separating mixture
in °C;"Y is the boiling point of the mixtur€) is a constant used to calculate specific heat or
heat of vaporization) i s t he speci fic IKpat isthadqessityiofthe i n k

mixture in kg/n¥; andois time in secondsSample calculationsan be found iMppendixB.1
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Table4-1. Energy equations used for various unit operatiomgs for energy are all in KWh.

Name Equation Reference
Pumping | O TMIpLOPT A (4-6)
Filtraton | O T8t @ (4-7)
Drying o a4 YO a YO (4-8)
B (4-9)
)v/'O 6 p "Y U"mi "'YZ "W'Y (4_10)
- Y 6 Y Y o6 °Y Y o6 °Y Y oY Y
Yo o Y Y
q o T v
Distillation o 4 YO p&Y p (4-11)
‘ B ‘ (4-12
y P & [P O (4-13)
I P W p @
LYY )
e — oBW MBI TP WO W
Stirring (0] mrp Pro (4-19
Heating | © & oYY (4-15)

To determine the power required by the vacuum pump, a typical size factor has to be determined

using:

0 "R 0 QU Ba Q) EDHOWIQ (4-16)

Yo 0N Qi whiQeiQ cod @Q

The typical air filtration rate for a vacuum pump is I8mgSanatron, 2022)nd operating pressure
of 29 inHg (i.e., 737 mmHg), the typical size factor for a vacuum punspdetermined to be 0.02.

The power of the vacuum pump was then calculated ((Biawyatker et al., 2019)
0&0Qitg T ¢ YO (4-17)

This resulted in a typical vacuum pumping powed 648 kW.
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4.3 Nova Scotia Electricity Production Mix

The province of Nova Scoias el ectr i ci ty pr odTabléd2qCanadai x c ar
Energy Regulator, Government of Canadi¥2)

Table4-2. Nova Scotia's Electricity Production Mix as of P02

Electricity Source Percentage
Coal 51.37%
Natural Gas 15.95%
Renewables 14.57%
Hydro 13.81%
Biomass 3.21%

Qil 1.08%

The Ecoinvent databas&3.9.1 contains inventory informatioh o r Nova Scotiabs
production mixup to this date andill be used for the impact assessment.

4.4 Economic Analysis

There are several aspects that are involved in evaluating the cost diadlizag®n procesdg-or
this study the following costs will be consideretiie cost of solventost of electricity from the
energy requiremesif the equipmentost of incinerationf solvent capital cost of implementing

solvent recovery systems, aomst savings from reuse of solvents using solvent recovery systems.

4.4.1 Capital Cost Estimation

A shortcut method was used to determine the capital cost of the solvent recovery system.
According toTowler & Sinnott(2022), a stepcount method can be used pgoovide order of
magnitude estimates on capital coBheir research has showrat80% of capital cogs associated

with distillation and product purification sectio(iBowler & Sinnott, 2022)The capital cost can

be estimated based on the cost of a known procéise geparation and recovery systeavea

similar size and complexity to that tfe known processThe Bridgewater method can then be
used to correlate plan cost to the numbermrotessing stepdowler & Sinrott, 2022)and can be

described as:
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o @ (4-18)
o 8 (4-19
l

whereC is the capital cost in USDJanuary 2010 basis (CEPCI = 5320)is the plah capacity

in metric tons/years is the recovery rate of the product in the distillate, Hnd the number of
functional unitsA functional unit includes akkquipment and ancillaries needed for a significant
process step or function of the separafibowler & Sinnott, 2022)However, pumping and heat
exchangers are not normally considered functional units unless they have substantial cost. For this
study, it was assumed thts equal to the number of distillation columimsthe proposed recovery

systemandswas assumed to Be995since the recoveryas 99.5%.

4.4.2 Operating Cost Estimation

There are five main operating costs that will be considered throughout this project: solvent
purchase cost, electricity cost for energy requirements, waste incineration cost, depreciation cost,
and labour cost.

4.4.2.1 Solvent Purchase Cost

A literature review was conducted to determine the cost of various solvents. A baseline of 55
gallons or 200 L of sgknt was used as the base unit to determine the cost of solvent per millilitre.
The majority of the solvent costs were found at Spectrum Chemical, Lab Alley, or Fisher Scientific
(Fisher Scientific, 2024; Lab Alley, 2024; Spectrum Chemical, 202dlues can be found in
TableC-1 in Appendix C:Solvent Information

4.4.2.2 Electricity Cost for Energy Requirements

In January 2024, the medium industry electricity tariff in Nova Scotia was $0.1071{KWa

Scotia Power, 2024 his value aligns well to the $0.10/kWh that was reporte8dwuelski et al.
(2017) For the purpose of this project, it will be assumed that all energy requitecaeme from

the electrical grid.
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4.4.2.3 Waste Incineration Cost

Waste incineration cost will be assumed to be $0.13/kg of waste incing3atezdski et al., 2017)
This cost will be used to calculate initial operating adsthe API crystallizatiorprocesses but
will also be used for calculatinthe payback period of the implementation of the solvent recovery

systems.

4.4.2.4 Depreciation Cost
All physical assets such as solvent recovery systems equipment decrease in valneewRbrti
the purpose of this analysis, it will be assumedadisativent recovery system hasexrvice lifeof

25 years and will have a no scrap valGeea et al., 2020)

Annual depreciatiocan bedetermined through

5 8 i
o (4-20)

whered is the annual d&eciation cost (USDY) is the initial cost of equipment (USD), is the

scrap value of the equipment, ami the service life of the equipmei@ooper & Alley, 2011)

4.4.2.5 Labour Cost

Labour cost will be taken into consideration when implementing a solvent recovery system to
properlydetermine payback period of the capital investmiéot.a continuous process, it will be
assumed that labour cost of a solvent recovery system is $30/hour fepB830g daysannually

(Chea et al., 2020urther, some labour goes into collecting waste to be sent to incinegitioa.

this does not always require constant attentibmyili be assumed thdabour cost for waste
collectiontakes up 8 hours per working day and cost the sk@fénour for 330 working days

annually

4.4.3 Payback Period

Payback period is a simple measure of profitability. It represents the length of time required to
recover the depreciable fixed capital investment of a prdfecan be defined by the following
equation(Cooper & Alley, 2011)
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The fixed capital costould be the total capital cost of each solvent recovery systaulated in
equation(4-18) or (4-19). The annual profit would consist of the amount of cost savirugs
recovered solvent andaste incineration minus the additional utilities and labour cost. Annual

depreciation is calculated from equati@r21).

4.4.4 Rate of Return on Investment

Another frequently used measure of profitability of an investment is the rate of return on
investment (ROL)It can be defined as:

0
Y5 0o b
0Oy P

(4-22)

whereP is the annual profit from the investment (incomexpenses) in $USD ards the total
investment in $USHCooper & Alley, 2011)

4.45 Process Scale Up

To scale up the solvent recovery systenindustrial scalea scaling factor had to lmketermined.
A 2022 report by the Canadian Generic Pharmaceutical Assothatdg898,000 kg of APWwere
produced or imported between 2019 and 2(024anadian Generic Pharmaceutical Association,
2022) In terms of production scale, three scales will be examined: 100, 10000 &0® kg of
API produced annuallyThe 100 kg production scale was chosen becaus#hi fgpical scale at
which clinical trial batcles startTwo additional scales were used-fold and 106fold increase

from clinical trial batches tassess various plagck periods.

4.5 Life Cycle Impact Assessment Information

Delta Greenods OpenLCA s o fnveat &39.2databade were usesel toa d d i t
conduct the LCI. ReCiPe 2016 Midpoint (H) impact mettivat was used to for the analysis.
Eighteen impact categories were examingrestrial acidification potential (TAP), global

warming potential (GWP100), freshwater ecotoxicpggtential (FETP), marine ecotoxicity
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potential (METP), terrestrial ecotoxicity potential (TETP), fossil fuel potential (FFP), freshwater
eutrophication potential (FEP), marine eutrophication potential (MEP), human toxicity padtential
carcinogenic (HTPc)human toxicity potential non-carcinogenic (HTPnc), ionising radiation
potential (IRP), agricultural land occupation (LOP), surplus ore potential (SOP), ozone depletion
potential (ODRiinite), particulate matter formation potential (PMFP), photochemicadlant
formation potential humans (HOFP), photochemical oxidant formation potentetosystems
(EOFP), water consumption potential (WCPhe functional unit used in this study was 1 kg of
API final product.

4.5.1 Life Cycle Perspectives

For this projectthe hierarchist perspective was selected. However, a brief description of the two

other perspectives (individualistic and egalitarian) will also be discussed.

4.5.1.1 Individualistic Perspective

Theindividualistic perspective is based on #®rtterminterest There igechnological optimism
regardincthuman adaptatiofHuijbregts et al., 2016)n terms of climate change, an individualistic
perspective looks at20-yeartime horizon, an optimistifuture socieeconomic developmenrtut

no climatecarbon feedbac&f nonCO,. For ozone depletion, 20-yeartime horizon is usednd
includesskin canceeffects. lonizing radiation uses2@-yeartime horizonand al0 doseand
dose rate effectiveness fagtand includes effects like thyroid, bone marrow, lung, and breast
cancer as well as hereditary dise.Fine particulate matter contains effects of primary aerosols
only. Toxicity is examinedh a 2Gyear time horizon with all exposure routes for human toxicity
for organic compounds ardtinking water and air for metalSea and oceans are examined for
marine ecotoxicity for organic compounds and +essential metalsHowever, for essential
metals, only seas are included. Only carcinogenic chemicals classified as 1, RAJABC are
included. Furtherecotoxicity requires a minimum dbur tested spees. For water use, a high
regulation of stream flow isnplementedand 1000 rifyear/capita water requiremeistusedor

food production with no impact on terrestrial ecosystems considbtietral resource scarcity

examines future production esserves onlyHuijbregts et al., 2016)
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4.5.1.2 Hierarchist Perspective

The hierarchist perspective is based on the scientific conseegaiingthe time frame and
plausiblity of impact mechanismgHuijbregts et al., 2016)In terms of climate change, an
hierarchist perspective looks at 1&®0-year time horizon, &aselinefuture socieeconomic
developmentand climatecarbon feedback of ne@0O.. For ozone depletion, &00-year time
horizon is used and includskin canceeffects. lonizing radiation uses1®0-year time horizon

and asix doseanddose rate effectiveness factor, and includes effects like thyroid, bone marrow,
lung, breast bladder, colon, ovary, skin, liver, oesophagus, and stornacher as well as
hereditary tsease. Fine particulate matter contains effects of primary aemsolsecondary
aerosols from S&) NHs, NOx. Toxicity is examined in 400-year time horizon with all exposure
routes for human toxicity foall chemicals Sea and oceans are examined farine ecotoxicity

for all chemicals. All chemicals with reportedtarcinogeniceffects are included. Further,
ecotoxicity requires a minimum afe tested species. For water usestandardregulation of
stream flow is implemented, and3® mP/year/capita water requirement is used for food
productionas well as thémpact on terrestrial ecosystems. Mineral resource scarcity examines

future production athe ultimate recoverable resoulttuijbregts et al., 2016)

4.5.1.3 Egalitarian Perspective

The egalitarian perspective is the most precaatip perspective. Thisonsiderghe longest time
frame and all impact pathways where data is avail&higbregts et al., 2016)n terms of climate
change, an egalitarian perspective looks at a-1@a@0 time horizon, a pessimistic future secio
economic developmengnd noclimatecarbon feedback of ne@O,. For ozone depletion,na
infinite time horizon is used and includesrskancerand cataractffects. lonizing radiation uses

a 100000-year time horizon andtao doseanddose rate effectiveness factor, and includes effects
like thyroid, bone marrow, lung, breast, bladder, colon, ovary, skin, liver, oesophagus, stomach
bone surface and remainimgncer as well as hereditary disease. Fine particulate matter contains
effects of primary aerosols and secondary aerosols frommNB@, NOy. Toxicity is examined in

an infinite time horizon with all exposure routes for human tiyifor all chemicals. Sea and
oceans are examined for marine ecotoxicity for all chemicals. All chemicals with reported
carcinogenic effects are included. Further, ecotoxicity requires a minimum of one tested species.
For water use, a standard regulatidstream flow is implemented, and 1358year/capita water

requirement is used for food productiand forthe impact on terrestrial ecosystems. Mineral
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resource scarcity examines future production as the ultimate recoverable résijlnegts et
al., 2016)

4.5.2 Environmental Impacts

Eighteen impact categorigegereinvestigatedising ReCiPe 2016 Midpoint (H) method. They are
described in more detail below.

45.2.1 Climate Change

An emission of a greenhouse gas (GHG) leads to an incratmedpheric concentration of GHG.

This will increasd the radiative forcing capacity and lead to an increase in the global mean
temperature. Increase global temperature will result in damage to human health and ecosystems
(Huijbregts et al.2016)

The global warming potential (GWP), expressed in units oféeivalents, expresses the amount

of additional radiative forcing integrated over 100 years caused by an emission of 1 kg of GHG
relative to the additional radiative forcing integchtever that same time horizon caused by the
release of 1 kg of COThe amount of radiative forcing integrated over time caused by the emission
of 1 kg of GHG is expressed as the absolute global warming potential (AGWP) in units &f W/m
kg. GWP is calcula&d asn Huijbregts et al.(2016)

o 6 "0 f (4-23)
OPE 56 5

wherex is thed "O® ; is the GHG with a 10§ear time horizon and "Od | isthe CQ

with a 100year time horizon. The results yield a titnerizonspecific GWP with units of kg CO
equivalents/kg GHGHuijbregts et al., 2016)The GWPs for 100 yesrare directly provided by
the 2013 IPCC repo(Stocker et al., 2013)

4.5.2.2 Stratospheric Ozone Depletion

Emissions of oane depleting substances (ODS) can ultimately lead to damage to human health
because of the resultant increase of UMBiation(Huijbregts et al., 2016 hemicals that deplete
ozone are relatively persistent and have chlorine and brarones in their molecules that mainly
interact with ozone in the stratosphere. After an emission of ODS, the tropospheric concentrations

of all ODS increase and, in time, causes the stratospheric concentrations to also increase. The
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increase in ozone degilon potential leads to a decrease in the atmospheric ozone concentration,
which causes a larger portion of UMAdiation to hit the earth. This radiation negatively affects

human health and can increase the incidence of skin cancer and céithrgiotegts et al., 2016)

The ozone depletion potential (ODP) expressed in unis of kgX1R€uivalents, quantifies the
amount of ozone a substance can deplete relative telCF& a specific time horizon. It is largely
related to the molecal structure of the ozone depleting substance, especially to the number of
chlorine or bromine groups in the molecule and the atmospheric lifetime of the chemical. OPDs
are calculated in a serampirical fashion by the World Meteorological Organization Be€iPe

2016 uses the 2010 valug@uijbregts et al., 2016)

4.5.2.3 lonizing Radiation

Anthropogenic emissions of radionuclides are generated in the nuclear cycle (e.g., mining,
processing, and waste disposal) and other human activitieso@at)hurning, phosphate rock
extraction). Exposure to the ionizing radiation caused by these radionuclides can lead to damaged
DNA molecules(Huijbregts et al., 2016)During a fate analysis, the environmental fate of an
emitted radionuctle canbe assessed. The exposure analysis is used to estimate the collective
exposure dose (units of Man Sievert) caused by the emission of a radionuclide. The unit of Man
Sievert represents the total average exposure in J/kg body weight multiplied toyntber of

people in a population (assumed to be 10 billion for the next 100,000 years) integrated over time.
The ionizing radiation potential (IRP) can be calculate(Hagbregts et al., 2016)

. 00 -
O ; h (4-29)

whered'O ; is the collective dose of substanceeleased to aand6O ; is the collective

dose of the reference unit (Cob&0) released to air. THOY ; represents the ionizing radiation

potential (in units of 1 kBq) of a substance emitted t@Hijbregts et al., 2016)

4.5.2.4 Fine Particulate Matter Formation

Air pollution that causes primagnd secondary aerosols in the atmosphere candnaubstantial
negative impact on human health, ranging from respiratory symptoms to hospital adnaisdions
death(Huijbregts et al., 2016}ine particulate matter is defined of having a diameter less that 2.5
pm (PM2.5). These particates are composed of a mixture of organic and inorganic substances.
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PM2.5 aerosols are formed in air from emissions of sulfur dioxide, ammonia, and nitrogen oxides
as well as other elemenfiduijbregts et al., 2016)The intake of a pollutant plays an important
role in determining the fine particulate matter formaportential. The intake fractiofiF) of fine
particulate matter due to emissidsa regioni is determined Y precursorx. Particulate matter
formation potentials (PMFP) can be expresse@Hagbregts et al., 2016)

. Dx (4-25)
oy
vU R p 8h

where D gj; is theemissionweighted world average intake fraction of PM2.5

4.5.2.5 Photochemical Ozone Formation

Air pollution that causes primaand secondary aerosols in the atmosphere can have substantial
negative impacten human healtl{Huijbregts et al., 2016)0zone is not directly emitted into the
atmosphere but is formed because of photochemical reactionsxadhormethane volatile

organic compounds (NAMOCs). Ozone formation is more intense in the summer months. Ozone

is a health hazard to humans because it can inflame airways and damage lungs. Ozone
concentrations lead to an increased frequency and severity ohtespitistress in humans (e.g.,
asthma and chronic obstructive pulmonary disease. Ozone can also have a negative impact (e.g.,
reduction in seed growth, acceleration of leaf senescence, reduced ability to withstand stressors)
on the terrestrial environmentDzone formation is a neimear process that depends on

meteorological conditions and background concentratidogbregts et al., 2016)

4.5.2.6 Terrestrial Acidification
A change in acidity in the soil can come from atmospheric depositionrgfanic substances (e.g.,

sulphates, nitrates, and phosphatek)ijbregts et al., 2016}or nearly all plant species, there is
a clearly defined optimum level of acidity aadidification occurs whea serious deviation from

this optmum levelbecomesarmful for that kind okpecies.

The fate of a pollutant in the atmosphere and the soil are impomanthé midpoint
characterization factors of terrestrial ecosystem damage duwididying emissions The
acidification potential (AR, expressed in kg S@quivalentscan be calculateds (Huijbregts et
al., 2016)
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00 (4-26)
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where "0GQ, is the fate factodue to emissions in the gridby precursox and™0O™O

is theemissionweighted world average fate factor of SO

Thefate factors are determined througfimospheric fate facteanda soil sensitivity fate factor.

The atmospheric fate factors represent the climatic conditions and deposition mechanisms between
the source and a reception location in a single fracliba.soil sensitivitycan be determined as

the receptor change in soil properties over réage area due to a certain deposition in a single
fraction (Huijbregts et al., 2016)

4.5.2.7 Freshwater Eutrophication

Freshwater eutrophication occurs due to the discharge of nutrients into soil or into freshwater
bodiesand leads to aubsequent rise in nutrient levele,( phosphorus and nitrogeftuijbregts

et al., 2016) Environmental impacts related to freshwater eutrophication follow a sequence of
ecological impacts offset by increasing nutrient emissiondri@sth water. This, in turn, increases
nutrient upake by autotrophic organisms (e.g., cyanobactar@algae)and heterotrophic species
(e.g., fish and invertebrates). Consequently, this leads to a relative loss of gfagi@egts et

al., 2016)

The new global fate model on a hdkgree grid resolution is used to derive the fate factors for
phosphorus emissions to fresh wafEne fate factor represents the net residence time in the
freshwater compartment (in year$he freshwater wrophication potential (FEP), expressed in
kg P to freshwater equivalentsan be define g#uijbregts et al., 2016)

"OCk i (4-27)

"00 Gor -

where "00;;; is the fate factor of substanceemitted to compartment in grid cell i and

0Q is the world average fate factor of phosphorus emission to freshwater.
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4.5.2.8 Toxicity

The characterization factor human toxicity and ecotoxicity accounts for the environmental
persistence (fate), accumulation in the human food chain (exposure), and teeffeity) (of a
chemical(Huijbregts et al., 2016)he toxicity potential expressed in kg 1-.dichlorombenzene
equivalents (1,/DCB eq.) is used to characterize the midpoint level for human toxicity, freshwater
ecotoxicity, marine ecotoxiti, and terrestrial ecotoxicityThe ecotoxicological midpoint
characterization factor can be determined thrqitghjbregts et al., 2016)

"OOniin  OOmn (4-28)

O Y@

whereO Y@ is the ecological toxicity potential feeceivingcompartmeng (freshwater,

marine, otterrestria) of chemicalk emitted to compartmemttransported to receiving
compartmeny, related to cultural perspectiedkg 1,4DCB eq. to freshwater for freshwater
ecotoxicity,to seawater for marine ecotoxicity, and to industrial soil for terrestrial ecotoxicity),
"OCxi1 is the fate factor (the marginal change in the steady state mass of suksteaice
environmental compartmepat scaleg due to a marginamission in compartmentor cultural
perspectivee, andO'Oy,; is the effect factor representitige change of potential disappeared
fraction of speciedue to a change in the environmental concentration of substamceceiving

compartmeni for cultural perspective.

The human toxicological midpoint characterization factor can be determimedktifHuijbregts
et al., 2016)

(4-29

where’O"Y@n7 F is the human characterization factor at midptEwel for carcinogenic or non

carcinogenic effects of substanct emission compartmemtfor cultural perspective (kg 1,4

DCB to urban air equivalentst;y i 1 is the humampopulation intake fraction of substancat
geographical scalg via intakerouter emitted to compartmentfor cultural perspective, and

OGCrir i is the carcinogenic or necarcinogenic effect factor of substanc®r intake route
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relaed to cultural perspectivereflecting the change in lifetime disease incidence due to a change

in intake of the substance and intake route of interest.

45.2.9 Water Use
Water consumption is the use of waterthat the water is evaporated, incorporated iradymts,

transferred to other watersheds, or disposed into the(ldmgbregts et al., 2016)The
characterization factor at midpoint level is the cubic meters of water consumed per cubic meter of
water extracted. Water extraction is tivéhdrawal of water from surface water bodies or the
abstraction of groundwater from aquifeWater consumptio is the amount of water that the

watershed of origin is losin@uijbregts et al., 2016)

4.5.2.10 Land Use

Land use includes the direct, local impact of land use on terrestrial species via change of land cover
and the actual use of ndand. The change of land cover directly affects the original habitat and
the original species compositidifuijbregts et al., 2016)Agricultural and urban activities
disqualifies the land as a suitable habitat for many speliese arehree steps imletermining

the land use. The firghetransformation phase, is when the land is made more suitable for its new
function. The second phasecupation, is when the landusedfor a certain period. The first two
phases cover theharacteization factors (CFs) for land occupation amdexpressed in potentially
disappeared fraicn of species (PDF) per annual crop equivalent. The third phalsgation, is
when the land is no longer being used and the land is allowed to te@rseminatural state.
During this stage, land still has some negative impact on species riciRedsr land relaxation

are usually provided separatéhiuijbregts et al., 2016)

The midpoint characterization fact@ "O , expressedn annual crop equivalents, for land

h

transformation/occupation is defined(&kiijbregts et al., 2016)

Y i (4-30)

where'Y j, is the relative species loss cause by land xygo&d™Y Is therelative loss

resulting from annual crop productiol. ; can be calculated usirfgluijbregts et al., 2016)
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Y op

where"Y 5 is the observed species richness under land usextgpel 'Y  is the observed

species richness of the reface land cover in regian

The midpoint characterization factor for land relaxation to geatiral statd0 'O  can be

define agHuijbregts et al., 2016)
00  060fF M O (4-32
where0 s the recovery time for species richness.

4.5.2.11 Mineral Resource Scarcity

The primaryextraction of a mineral resource will lead to an overall decrease in orewécte

will increase the ore produced per kilogram of resource extréidigibregts et al., 2016)Vhen
combined with the expected future extraction of thatemahresource it created an average surplus
ore potential (SOP)AnN increase in surplus ore potential will then lead to a surplus cost potential
(Huijbregts et al., 2016)

SOP expresses the average extra amount of ore to be producedlitutband can be defineas
(Huijbregts et al., 2016)

v w0 YD (4-33)
Y e —
U H 0 YO j

whered "YO j, is the absolute surplus ore potentilthe extraction of 1 kg of a mineral resource
x considering all future productiorR( of that mineral resourcand® "Yb { is the absolute

surplus ore potential fahe average extra amount of ore producethe future due to the extract
of 1 kg of copper

4.5.2.12 Fossil Resource Scarcity
The fossil fuel potential of fossiksourcex, expressed in units of kg oil equivalents per unit of
resourceis defined agHuijbregts et al., 2016)

57



o O@ (4-34)
O'0Ov OB

where’O"@ is the energy content of fossil resourcandO"@ is the energy content of crude

oil.

4.6 Assumptions

Several assumptions were required to complete the analyses. They are listed in the following

section.

4.6.1 Missing LCI information

In the case a particular chemical was missing from LCI information, the closestgirexycal
was used rather than omittingrioi the analysis. It is important that this substitution is done with
a good understanding tife manufacturing routesf the proxy-chemicals being used atftbse of

the one that is being replaced. In most cases, the closestgiremjcal used is direcrgcursor

to the chemicals mixing LCI informatioffPrarvatker et al., 2019)n this studythreechemicals
required the use of a proxy chemicamethyl tetrahydrofura2-MeTHF), N-methylmorpholine
(NMM), and 2Chloro-4,6-dimethoxy1,3,5triazine (CMDT).

2-MeTHF synthesis route uses glucoskom corn, rice, and sugarcanéo create
hydroxymethylfurfural (HMF). The HMF theoonvertsto levulinic acid before reacting with

formic acid to produce -thethyl tetrahydrofuranBoth levulinic and furfural (an alternative

synt hesis route) ar e n oAccopdingte stidy comdactedEldhmo nv e nt
respectively, are required to produce 1 kg -dM&THF. Therefore, these values will be used to

create a database entry foM&THF.

NMM is produced from a reaction of methyl amine and diethylene glycol. Diethylene glycol was
used as the proxghemical since it contagninventory information from EcoinvénCMDT is
produced from cyanuric chloride and sodium methoxide. Cyanuric chloride was used as the proxy

chemical since it contagnnventory information from Ecoinvent.
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4.6.2 Scaling Up Lab -Scale Processes

Several assumptions were required to scale up thecklb processes to industrial scéle.loss

of mass was assumed betweba transfer of liquids from one unit to anotivea a pump.For
reactions with mixing, heating, or cooling, catalysts were not included in the inventory analysis
(Parvatker et al., 2019)n distillation, if not specified in the process, the 99% of the light key
product was recovered in the distillate. Further, the re&atolatility was estimated based on the
temperature difference of the mixture components and only reboiler energy and heating
requirements were considered for distillation unit operati®tesvatker et al., 2019)t was
assumed that0% of the API was lost as uncrystallized material in the solutionfpation.

After filtration, it was assumed th20% of the solvent from the crystallizati@and filtration step
reached the dryer and 100% of the solvent in the dryevaporatedFor the dryer, only the
specific heat capacity of the solvent is considered. The sensible heat for heating the product is
ignored(Parvatker et al., 2019¥Further, the heat lost is incorporated in the dryer efficiency along
with heat lost to the environmefRarvatker et al., 2019The vacuum dryer was operated 2@

inHg and 50°CThe efficiency of the distillation column and dryer were assumed to be 85%
(Parvatker et al., 2019)
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Chapter 5. Results

Several analyses were conducted, and the results are shown in the following sections. Life Cycle
Impacts were assessed by crystallization type, solvent, and solvent class. Further, the major

contributors to the LCI were examined for each process.

5.1 Classifi cation of Processes

There are four main crystallization process types that were examined pmdjest. Please refer
to section3.1.120 understanchow the proceses were categorizday crystallization typeThe
breakdown of crystallization types can be seeRigure5-1. Reactive crystallization processes
were mosttcommon(21 processe$ 38.999, followed by antisolvent processeB4(processes
25.9%) followed by &aporativelO (18.5%)andthencooling and 9 (16.7%).

Crystallization Type

. Reactive
. Antisolvent
. Evaporative
. Cooling

Figure5-1. Breakdown of crystallization types usedhis project.
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5.2 Mass of Solvents

5.2.1 Total Solvent Mass

Total solvent masses from all crystallization processes were colteatetermine whiclsolvents
were more valent Thisis represented ifrigure5-2. A total of 1250 kg of solvent was used in
all 54 crystallization processe®Vater was the most solvent usembst frequentlyin API
crystallization processes (used 22.6% of the tiraa§l accounts for 279 kg of the ttal mass
Dichloromethanga class 2 solvengccounted fod40 kg(11.3%) of the total mass. Heptane, a
common antisolvent, accounted & kg (8%) of the total mass. Other commonly used solvents
included acetonel@0 kg),ethyl acetate (92 kg), methanol (88 kg), ethai@@l kg) isopropyl
alcohol(76 kg) and tetrahydrofura(®9 kg) It was found that clas3solvents were usedost of

the time(74.1%), while class 2 solvents were only used 25.9% of the time.

Solvent

. Ultra Pure Water
. Dichloromethane

. Acetone

. Heptane

B ethyl Acetate
. Methanol

. Ethanol

. Isopropyl Alcohol
. Tetrahydrofuran
. Isopropyl Acetate
I Methyl Tert Butyl Ether
. 1-Propanaol

. Acetonitrile

B oimetnyi sutioxide

. Dimethylacetamide

. 2-Methy! Tetrahydrofuran
I Acetic Acid

. Toluena

. 1-Butanal

. 1.4-Dioxane

Figure5-2. Typical breakdown of solventsedin API crystallization processes.
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5.2.2 Solvent Mass by Process ID

The total mass of solvent can also be examined by process ID and crystallization type. This is
represented ifrigure5-3. Class 2 solvents wemmost usedn reactive crystallization processes
Reactiveand evaporativerystallization processes tended to conaé@vated amounts of solvents
when compared to the oth&vo crystallization types. However, some reactive processes (e.g.,
P06, P29, P38A, P38®38, and P45) contained lower amounts of solydikesthe amountsan

the cooling processesCooling had the lowest solvent usageompared withthe other three
crystallization types. Antisolvent procesdesd slightly higher usage of solvents from cooling
processes, but lower than evaporative processesactive procesB32 contained the highest
amount of solvent usad&05 kg). This process also contained elevated amounts of class 2 solvent
(dichloromethane). Therefore, PBRcompasses 75% of the total amount of dichloromethane used

in all processes.

Type . Class 2 . Class 3

Antisolvent | Cooling

100
75

50

U.--I.l.-.lllll I

QO o o B oW P 1B P o P o i o o R® e® @ g e b p®

Evaporalive | Reactive

Total Solvent Mass [kg/kg API]

O m W e 8 O
SR S R B U L

EEC R 901 0 oA QA on N0 I 1P o1 1D 1 B T PR 0B obh 1B 010 o

Process ID

Figure5-3. Total solvent magser crystallization procesategorized by residual solvent class and
organized by crystallization type

5.3 Process E -Factors

E-factor is an important metric in determining amount of waste asdsdcitofinal product
production.Figure5-4 breaks down the Eactors for all processes categorized by crystallization
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type.These valuesxcludethe mass of water from the calculation, as wigterh e
Approximate Efactors containing wateare listedn Figure5-3. Thosevalueswould containall
inputs (starting ARlreactants, and solvents). Since we are assuming 100% conversion during

reactive processes atitht all solvents end up in waste streams, the only additionalfroasthe

E-factor equations the amount of starting API

E-factorswere determined to be highest in evaporative and reactive praocéssesentioned
previously, P32 contained very large amounts of dichlorometiganeg it the largest Hactor of
all 54 processes. It is important to note that several reactive protesbesry low Efactors

fisafest o

S

because these processes tended to use water as one of their main solvents. Evaporative processes

had higher Hactors overall because organic solvents tended to besusmathey usually have
lower boiling points than water. Antilvent process Hactors were higher thahose of the

cooling process because of the addition of an antisolvent (typically heptane) to the process.

100

75

50

25

E-Factor [kg waste/kg API]

75

50

25

(=

Figure 5-4. E-Factorsfor each crystallization process organized by crystallization tipis.
important to note thaE-Factorshave been calculatday excludingthe mass of
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water.E-Factor values containing water would be similar to tho$egare5-3.
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5.4 Environmental Impacts by Crystallization Type

Eighteen different environmental impact categories were investigated in the life cycle assessment.
This section contains the results from @A s conducted on all 54 processes.

5.4.1 Terrestrial Acidification Potential (TAP) by Crystallization Type

Theterrestrial acidification potenti@l AP) results can be found igure5-5 for both incineration
and recovery options. Theooling and antisolvent processkad the lowest impacts when
compared to evaporative and reactiverther, the solvent recovery optibadlower impacts than
incineration for all processeexcept P16, P18, P26, aad7.The specific contribution®wards
these elevated impacts will be examined in more detail in Séctéior the antisolvent processes,
the mean terrestrial acidification impacts were30° 0.025and 0.143 0.063kg SQ equivalents
for incineration and recovery, respectively. For the coofimeresses, the means wé.¢06°
0.021 and 0.040¢° 0.005 kg SO equivalents for incineration and recovery, respectiviety the
evaporative processes, the means were 0.39245and 0.166° 0.071kg SG equivalents for
incineration and recovery, respieely. For the reactive processes, the means were 0.80%79

and 0.0824 0.015kg SO equivalents for incineration and recovery, respectively.
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Figure 5-5. Terrestrial acidification potential (TAR)y process ID for incineration and solvent
recovery options categorized by crystallization type.

5.4.2 Global Warming Potential (GWP100 ) by Crystallization Type

The global warming potential (GWP10@sults can be foul in Figure5-6 for both incineration
and recovery options. Impactsere lowest in the cooling and antisolvent processes when
compared toheevaporative and reactprocessesAll processes containing solvent recovery had
lower impacts than those with incineration (except for P26). For the antisolvent processes, the
mean global warming potential impacts wéie9° 8.4 and30.9° 12.9kg CO. equivalents for
incineration and recovery, respectivefherange of GWP100 impacts for antisolvent processes
were from 23.5 to 74.3 and from 0.65 to 98.7 kgx@Quivalents for incineration and recovery,
respectively.For the cooling processes, the meamere48.9° 7.9 and 10.6 ° 1.7 kg CO>
equivalents for incineration and recovery, respectivighe range of GWP100 impacts for cooling
processes were from 10.7 to 59.5 and from 4.2 to 14.7 kgeG@valents for incineration and
recovery, respectivelyor the evaporative processes, the means W26 ° 22.4and32.9° 9.8

kg CO2 equivalents for incineration and recovery, respectiviie range of GWP100 impacts for

evaporative processes were from 53.1 to 180.0 and fBo8nto 92.5 kg C@equivalentsfor
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incineration and recovery, respectivear the reactive processes, the means W&re0° 26.8
and 17.0° 2.4 kg CO equivalents for incineration and recovery, respectivélye range of
GWP100 impacts for reactive processes were from 13.34 to anf.&om 1.1 to 31.2 kg GO
equivalents for incineration and recovery, respectiveipact ranges excluded outliers that were

more than three times the standard deviations of each crystallization type.
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Figure 5-6. Global warming potential (GWP100) by process ID for incineration and solvent
recovery options categorized by crystallization type.

5.4.3 Freshwater Ecotoxicity Potential (FETP) by Crystallization Type

The freshwater ecotoxicitypotential (FETP) results can be found inFigure 5-7 for both
incineration and recovery optiansnpactswerelowest in the cooling and antisolvent processes
when conpared to the evaporative and reactive procesAksprocessesinvolving solvent
recovery(except P26had lower impacts than those with incineration (except for P26). For the
antisolvent processes, the méashwater ecotoxicity potentimhpacts werd..22° 0.26and0.73

° 0.29 kg 1,4DCB equivalents for incineration and recovery, respectively. For the cooling

processes, the means wéré0° 0.21 and0.31° 0.06 kg 1,4DCB equivalents for incineration
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and recovery, respectively. For the evaporative processes, the meadsO8&r6.55and1.00°

0.31 kg 1,4DCB equivalents for incineration and recovery, respectively. For the reactive

processes, the means wér85° 0.43and0.42° 0.06 kg 1,4DCB equwalents for incineration

and recovery, respectively.
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Figure5-7. Freshwater ecotoxicity potential (FETP) by process ID for incineration and solvent
recovery options categorized by crystallization type.

5.4.4 Marine Ecotoxicity Potential (METP) by Crystallization Type

The marine ecotoxicity potential (METP) results can be fourktiganre5-8 for both incineration
and recovery.Overall, the cooling and antisolvent processbad lower impacts than the
evaporative andhostreactive processeAll processes with the recovery optieax€¢ept P26) had
lower impacts that thoseith the incineration optionk-or the antisolvent processes, the mean
freshwater ecotoxicity potential impacts were I"@235and 0.99 0.40kg 1,4DCB equivalents

for incineration and recovery, respectively. Bog cooling processes, the means weté 1.0.28

and 041 ° 0.08 kg 1,4DCB equivalents for incineration and recovery, respectively. For the

evaporative processes, the means wedd 3.0.67and 129 ° 0.39kg 1,4DCB equivalents for
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incineration and rewvery, respectively. For the reactive processes, the mean2wére 0.57

and 056 ° 0.08kg 1,4DCB equivalents for incineration and recovery, respectively.
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Figure 5-8. Marine ecotoxicitypotential (METP) by process ID for incineration and solvent
recovery options categorized by crystallization type.

5.4.5 Terrestrial Ecotoxicity Potential (TETP) by Crystallization Type

Terrestrial ecotoxicity potential (TETP) results can be founBigure5-9. Overall, the cooling

and antisolvent processkadlower resultshanthe antisolvent and most reactive proces3dm

processes with the recovery option always loagel impacts than those of the incineration option,

except P26For the antisolvent processes, the mean terrestrial ecotoxicity potential impacts were

114.0° 24.7and 47.0° 21.2kg 1,4DCB equivalents for incineration and recovery, respectively.

For thecooling processes, the means wed8.0° 30.9and25.1° 5.47kg 1,4DCB equivalents

for incineration and recovery, respectively. For the evaporative processes, the medtOviere

°©42.1and74.2° 23.5kg 1,4DCB equivalents for incineration and recovery, respectively. For

the reactive processes, the means weée(l’ 42.6and29.3° 5.6 kg 1,4DCB equivalents for

incineration and recovery, respectively.
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Figure 5-9. Terrestrial ecotoxicity potential (TETP) by process ID for incineration and solvent
recovery optiom categorized by crystallization type.

5.4.6 Fossil Fuel Potential (FFP) by Crystallization Type

Fossil fuel potential (FFP) results can be foundrigure 5-10. In geneal, the cooling and
antisolvent processes showed lower impacts than the evaporative and most reactive processes.
Processes with the incineration option had higher impacts than those with the recovery option,
except for P26.For the antisolvent processéise mearfossil fuelpotential impacts were911 °
3.3and10.7° 4.0kg oil equivalents for incineration and recovery, respectively. For the cooling
processes, the means weéedf 2.6and4.9° 0.9kg oil equivalents for incineration and recovery,
respectively. For the evaporative processes, the meansad&é 5.8 and 4.9 ° 3.9 kg oil
equivalents for incineration and recovery, respectively. For the reactive processes, the means were

26.7° 0.4and5.9° 0.8kg oil equivalents for incineration and recovery, respectively.
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Figure5-10. Fossil fuel potential (FFP) by process ID for incineration and solvent recovery options
categorized by crystallization type.

5.4.7 Freshwater Eutrophication Potential (FEP) by Crystallization Type

Freshwater eutrophication muitial (FEP)results can be found iRigure 5-11. Cooling and
antisolvent processes, in general, had lower impacts than antisolvent and most reactive processes.
All processes with the recovery option, except P26, had lower impacts than those with the
incineration option. The recovery option of H#d a negative impaaheaning that the recovery

option was able to improve freshwater eutrophicatidowever, all valuesfor freshwater
eutrophication were quite low and neaaro.For the antisolvent processes, the mean freshwater
eutrophication potential impacts were 0.013.0 and 0.012 0.005kg phosphorugquivalents

for incineration and recovery, respectively. foe cooling processes, the means we40°

0.002 and 0003° 0.000 kg phosphorusquivalents for incineration and recovery, respectively.

For the evaporative processes, the means wé@9° 0.000 and0.010° 0.003 kg phosphorus
equivalents for incineration and recovery, respectively. For the reactive processes, the means were
0.020° 0.005 and 0006 ° 0.001 kg phosphorusequivalents for incineration and recovery,

respectively.
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Figure5-11. Freshwater eutrophication potential (FEP) by process ID for incineration and solvent
recovery options categorized by crystallization type.

5.4.8 Marine Eutrophication Potential (MEP) by Crystallization Type

Marine eutrophication potential (MEP) retsutan be found ifrigure 5-12. The resultdor all
processes except {802, P14, P3have nearero valueskor the antisolvent processes, the mean
marineeutrophication potential impacts were @6 ° 0.0002 and 0.@08° 0.0003 kg nitrogen
equivalents for incineration and recovery, respectively. For the cooling processes, the means were
0.0050 ° 0.0041 and 0.005 ° 0.001L3 kg nitrogen equivalents for incineration and recovery,
respectively. For the evaporative processes, the means wa4€ 0.0.0315and 0.019° 0.0106

kg nitrogenequivalents for incineration and recovery, respectively. For the reactive @meciss

means were 0@12 ° 0.0009 and 0.009 ° 0.0004 kg nitrogenequivalents for incineration and

recovery, respectively.
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Figure5-12. Marine eutrophication potential (MEP) by process IDifmineration and solvent
recovery options categorized by crystallization type.

5.4.9 Human Toxicity potential 1 Carcinogenic (HTPc) by Crystallization Type

Human toxicity potentiali carcinogenic (HTPc) results are show Higure 5-13. Results
demonstrate that, in generaglues forcooling and antisolvent processes lower tharthose for
evaporative and most reactive procesgdsprocesses with recovery option (excdfi26) are

|l ower than those with the incineration opti ol
results and signify thathis option can positively affect human toxicitifor the antisolvent
processes, the mean human toxicity potential impacts wé@e 10.34and 1.40° 0.59kg 1,4

DCB equivalents for incineration and recovery, respectively. For the cooling processes, the means
were 1.42 ° 0.31 and 046 ° 0.08 kg 1,4DCB equivalents for incineration and recovery,
respectively. For the evaporative pesses, the means wet®4° 0.70and1.44° 0.44kg 1,4

DCB equivalents for incineration and recovery, respectively. For the reactive processes, the means
were 3.16 ° 0.17 and 076 ° 0.11 kg 1,4DCB equivalents for incineration and recovery,

respectively.
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Figure5-13. Human toxicity potential carcinogenic (HTPc) by process ID for incineration and
solvent recovery options categorized by crystallization type.

5.4.10 Human Toxicity Potential 1 Non-Carcinogenic (HTPnc) by Crystallization Type

Human toxicitypotentiali non-carcinogenic (HTPnagsultsareshownin Figure5-14. In general,

the cooling and antisolvent procesbasl smalleimpacts than the evaporative and most reactive
processesesults were highién processes with the incineration option (except for B26) those

with the recovery optionFor the antisolvenprocesses, the mean freshwater eutrophication
potential impacts wer26.6° 5.9 and23.1° 9.8 kg 1,4DCB equivalents for incineration and
recovery, respectively. For the cooling processes, the mean238fe4.7and7.7° 1.2kg 1,4

DCB equivalents foincineration and recovery, respectively. For the evaporative processes, the
means wer&2.4° 12.4and18.5° 6.1kg 1,4DCB equivalents for incineration and recovery,
respectively. For the reactive processes, the means4®@e&sé 9.6 and12.1° 1.8kg 1,4-DCB

equivalents for incineration and recovery, respectively.
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Figure5-14. Human toxicity potentidal non-carcinogenic (HTPnc) by process ID for incineration
and solvent recovery optioeategorized by crystallization type.

5.4.11 lonising Radiation Potential (IRP) by Crystallization Type

lonising radiation potential (IRP) results can be founBigure5-15. Overall, resultgor cooling

and antisolvent processes were lower tthense forevaporative and most reactive processes. All
processes with the recovery option (except P26) were lower than those for incinéuatiber,

the P40 recycle optiohadnegdive ionising radiation potential and therefore produces a positive
effect for this environmental impact category. For the antisolvent processes, the mean freshwater
eutrophication potential impacts wekel3° 0.36and0.39° 0.21 kBq Cdoalt-60 equivalens for
incineration and recovery, respectively. For the cooling processes, the mea@9aei@37and

0.23 ° 0.11 kBq Cobalt60 equivalents for incineration and recovery, respectively. For the
evaporative processes, the means ®e48° 0.58and0.43° 0.37kBqg Cobalt60 equivalents for
incineration and recovery, respectively. For the reactive processes, the meaas3&&r6.84

and0.22 ° 0.09kBg Cobalt60 equivalents for incineration and recovery, respectively.
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Figure5-15. lonising radiation potential (IRP) by process ID for incineration and solvent recovery
options categorizkby crystallization type.

5.4.12 Agricultural Land Occupation (LOP) by Crystallization Type

Agricultural land occuation (LOP) results can be foundkigure5-16. All processes except for
P02, P14, and P21 have nearo resultsi-or the antisolvent processes, the mean agricultural land
occupation impacts we@58° 0.16 and 019 ° 0.02 kBg Cobalt60 equivalents for incineration

and recovery, respectively. For the cooling processes, the meangi6wré 15.9and7.07°
6.93kBq Cobalt60 equivalents for incineration and recovery, respectively. For the evaporative
processes, the means wer212. 2.00 and 064 ° 0.40kBq Cobalt60 equivalents for incineration

and recovery, respectively. For the reactive processes, the means wéré.84sd 0.22 0.09

kBq Cobalt60 equivalents for incineration and recovery, respectively.
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Figure 5-16. Agricultural land occupation (LOP) by process ID for incineration and solvent
recovery options categorized by crystallization type.

5.4.13 Surplus Ore Potential (SOP) by Crystallization Type

Surplus ore potdial (SOP)results can be found Figure5-17. Results showed that, in general
cooling and antisolvenprocesses showesimallerimpacts thandid the evaporative anchost
reactive processes. Tpeocesses with the recovery option showed laowgractsthanprocesses
with the incineration optionf-or the antisolvent processes, the mean surplupaiestialwere
0.50° 0.07and 015° 0.06 kBq Cobalt60 equivalents faincineration and recovery, respectively.
For the cooling processes, the means we&@900.07 and 007 ° 0.02 kBg Cobalt60 equivalents

for incineration and recovery, respectively. For the evaporative processes, the meang24viere
0.21and0.30° 0.11 kBq Cobalt60 equivalents for incineration and recovery, respectively. For
the reactive processes, the meapsa®.70 ° 0.14 and 010° 0.02 kBg Cobalt60 equivalents for

incineration and recovery, respectively.
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Figure 5-17. Surplus ore potential (SOP) by process ID for incineration and solvent recovery
options céegorized by crystallization type.

5.4.14 Ozone Depletion Potential (ODP infinite ) by Crystallization Type

Ozone depletion potential (O}Mnia) results can be found FFigure5-18. Most processes were
near zergbelow 0.005 kg CF€1 equivalents For the antisolvent processes, the meaone
depletionpotential were B x 10°° 0.2 x 10° and 06 x 10° ° 0.3x 10° kg CFG11 equivalents

for incineration and recovery, respectively. For the cooling processes, the meanisOwet&°

° 0.2 x 10° and 02 x 10° ° 0.0 x 10° kg CFG11 equivalents for incineration and recovery,
respectively. For the evaporative processes, the mean®werd 0° ° 0.2 x 10° and3.5x 10°

° 3.0x 10° kg CFG11 equivalents for incineration and recovery, respectively. For the reactive
processes, the raes were46.5 x 1% ° 23.1x 10° and 2.6 x 10° ° 1.3 x 10° kg CFG11

equivalents for incineration and recovery, respectively.
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Figure 5-18. Ozone depletion potential (ORMAie) by process ID foincineration and solvent
recovery options categorized by crystallization type.

5.4.15 Particulate Matter Formation Potential (PMFP) by Crystallization Type

Particulate matter formation potential (PMFP) results can be fouridume5-19. Overall, results

were lowest for cooling and most antisolvent processes when compared to evaporative and reactive
processesResults for pocesses with the incineration optisere higher thn all processes with

the recovery option (except for P2&)pr the antisolvent processes, the mean particulate matter
formation potential were 0.0530.012 and0.048° 0.020 kg PMz 5 equivalents for incineration

and recovery, respectively. For the coglprocesses, the means wéreé44° 0.011and0.015°

0.0® kg PM.s equivalents for incineration and recovery, respectively. For the evaporative
processes, the means wér&29° 0.029 and0.049 ° 0.017 kg PM2 5 equivalents for incineration

and recovery, respectively. For the reactive processes, the mears &€ 0.031 and0.027°

0.005 PM:2 5 equivalents for incineration and recovery, respectively.
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Figure 5-19. Particulate matter formation potential (PMFP) by process ID for incineration and
solvent recoverypptions categorized by crystallization type.

5.4.16 Photochemical Oxidant Formation Potential

Type

I Humans (HOFP) by Crystallization

Photochemical oxidant formation potentigiumans (HOFP)esults can be found Figure5-19.

Results were lowest in cooling and antisolvent processes when compared to evaporative and most

reactive processes. All processes with the incineration ofgixrept P26had greaterimpacts

than those with the recovery optidror the antisolvent processes, the mean particulate matter

formation potential were 0.1040.022 and 0.067 0.026 kg NO« equivalents for incineration and

recovery, respectively. For the cooling processes, the mearvB6° 0.021and 0.@4° 0.004

kg NOx equivalents for incineration and recovery, respectively. For the evaporative processes, the

means were @32° 0.039and 0.0°7 ° 0.023 kg NOx equivalents for incineration and recovery,

respectively. For the reaeé processes, the m

eans werg30.° 0.063 and 0.@9 ° 0.015 NOy

equivalents for incineration and recovery, respectively.
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Figure 5-20. Photochemical oxidant formation potentiahumans (HOFP) byrocess ID for
incineration and solvent recovery options categorized by crystallization type.

5.4.17 Photochemical Oxidant Formation Potential i Ecosystems (EOFP) by
Crystallization Type

Photochemical oxidant formation potential ecosystems (EOFP) results danngein Figure

5-21. Cooling and most antisolvent processes bkathllerimpacts that the majority of the
evaporative and reactive processes. Additionally, all psesewith the recovery option (except

P26) hadsmallerimpacts than those with the incineration option. For the antisolvent processes,
the mean particulate matter formation potential were 0°121025 and 0.070° 0.027 kg NO
equivalents for incineration and recovery, respectively. For the cooling processes, the means were
0.099° 0.026 and 0.0Z ° 0.005 kg NO equivalents for incineration and recovery, respectively.

For the evaporative processes, the means wes8 0(2041and 0.@4° 0.025kg NO equivalents

for incineration and recovery, respectively. For the reactive processes, the means S&te 0.2

0.065and 0.2 ° 0.015NOy equivalents for incineration and recovery, respectively.
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potentiaécosystems (EOFP) by process ID for

incineration and solvent recovery options categorized by crystallization type.

5.4.18 Water Consumption Potential (WCP) by Crystallization Type

Water consumion potential (WCP) result@re found inFigure5-22. All processes had neaero

values (below 0.3 A except for P02, P14, and P21. All results for the processes with the

incineration option (except P26) hgteaterimpactsthan those with th recovery option. For the

antisolvent processes, the mean water consumption potential weré 0.5832and 0.206 0.089

m?for incineration and recovery, respectively.

For the cooling processes, the means wete 0.358

0.125 and 0.091° 0.032 m? for incineration and recovery, respectively. For the evaporative

processes, the means were 8.793.700and 1.660° 1.625m? for incineration and recovery,

respectively. For the reactive processes, the meanslwks@° 0.644and 0212° 0.080m?3 for

incineraton and recovery, respectively.
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Figure 5-22. Water consumption potential (WCP) by process ID for incineration and solvent
recovery options categorized by crystallization type.

5.5 Environmental Impacts of Solvents

Environmental impacts for all solvents involved in the 54 processes were examined in more detail.
Their LCIA results for the 18 impact categories are found in the followingssations. The

analysis was conducted on a basi4 &fj of solvent producefdr a cradleto-cradle perspective.
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5.5.1 Terrestrial Acidification Potential (TAP) per 1 kg of Solvent

Terrestrial acidification potential (TAREsults for each solvent can be foundFigure 5-23. The results showed thatMeTHF
demonstratethe greatesimpacts This is likely due to the amount of crop area required to produce corn, sugarcane, adtece.
methanol, toluene, ethanol, and teepe showed the lowest results when compared to the other solwéets.analysed, there was no

significant different between class 2 and class 3 solvents for this impact category.
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Figure5-23. Terrestrial acidification potential (TAP) for 1 kg of solvent categorized by residual solvent class.
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5.5.2 Global Warming Potential (GWP100 ) per 1 kg of Solvent

Global warming potential results for each solvent can be fouRthure5-24. Results showed that the highest impacts came from 2
MeTHF and therirom tetrahydrofuran. Water and methanol showed the lowest impacts. In general sulen® had a slightly lower
global warming potential than class 2 solvents.
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Figure5-24. Global warming potential (GWP100) for 1 kg of solvent categorized by residual solvent class.
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5.5.3 Freshwater Ecotoxici ty Potential (FETP) per 1 kg of Solvent

Freshwater ecotoxicity potentiFETP)results for each solvent can be foundrigure5-25. The solvent having the largestpacts
were 2MeTHF and tetrahydrofuran. Water, toluene, methanol, and dichloromethane shogméibstimpacts.The remaining class

3 solvents showed similar or lower results than the remaining class 2 solvents.
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Figure5-25. Freshwater ecotoxicity potential (FETP) for 1 kg of solvent categorized by residual solvent class.
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5.5.4 Marine Ecotoxicity Potential (METP) per 1 kg of Solvent

Marine ecotoxicity potentigMETP) results for each solvent caa found inFigure5-26. Results showed similarities to the freshwater
ecotoxicity potential: 2MeTHF and tetrahydrofuran had the largest impacts while water, tolonetieanol, and dichloromethane had

thesmallesimpacts.No significant different between class 2 and class 3 solvents could be observed.
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Figure5-26. Marine ecotoxicity potential (METP) for 1 kg of solveategorized by residual solvent class.
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5.5.5 Terrestrial Ecotoxicity Potential (TETP) per 1 kg of Solvent

Terrestrial ecotoxicity potential results for each solvent can be fouRidjume5-27. Similar to the marine and freshwater ecotoxicity
potentials, terrestriabcotoxicity potential showed -MeTHF and tetrahydrofuran having the largest impacts and water, toluene,
methanol, andichloromethane having the lowest results. Some of the remaining class 3 solvents had larger impacts than the remaining

class 2 solventshoughnot to a significant level.
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Figure5-27. Terrestrial ecotagity potential (TETP) for 1 kg of solvent categorized by residual solvent class.
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5.5.6 Fossil Fuel Potential (FFP) per 1 kg of Solvent

Fossil fuel potential (FFP) results for each solvent can be foufigure 5-28. Impacts were highest in tdioxane, acetonitrile,
dichloromethane, tetrahydrofuranbtitanol, Xpropanolacetone, ethyl acetate, and isopropyl acekagacts were neazero for water
and all other solventwerebetween 0.5 and 1.5 kg oil equivalents. There was no significant difference observed between class 2 and

class 3 solvents.

Figure5-28. Fossil fuel potential (FFP) for 1 kg of solvent categorizedelidual solvent class.
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