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Abstract

Oral dose formulation is quite common fmost commercial pharmaceutical products. The
performance of a drug product is mainly dependent on the physical properties of the active
pharmaceutical ingredient (API). As such, great care is taken during the production of the API

to achieve a targgtarticle sizedi st ri buti on. Control of the A
traditionally achieved via the crystallization process. A significant amount of effort goes into
designing crystallization processes that consistently produce the desired API psopertie

s ¢ a | Bhe isomation (filtration, washing, and drying) process is needed to separate the pure
product crystals from the impure mother liquor to produce dry;ffoeang particles while

preserving the particle size distribution achieved by cryzaiibn.

Drying is the last and critical processing step in the isolation and purification of API crystals
which is performed to remove the residual solvent remaining after filtration and washing. The
effectiveness of the drying process affects the quatitibutes of the final drug product. Traces

of residual solvent may also affect the stability of the formulated product. Any API dissolved

in the residual solvent left during drying tends to create "sticky" points at the contacts between
particles, prormoting solid bridges and being responsible for particle agglomeration. The
residual moisture content and composition, solvent polarity, surface tension, and viscosity
significantly i mpact aggl omerati on. The dry
distribution of the API, which affects the stability, bioavailability, dissolution rate and content

uniformity of the drug product arttie reproducibility of the manufacturing process.

The main aim of this work was to explerthe role of residual solvent during drying by
quantifying the threshold limit of the residual moisture content and the dissolved material to
form a robust agglomerate. Based on using a model API, paracetamol, the results indicating
the minimum APImass that can cause agglomeratiahelpful information to supporthe

design of filter cakavashing processes to avoid agglomeratidns research also addresses

the work done fodevelopng a convenient method for quantifying agglomerate brittleness

based orexperimental validation

Further objectives include the work done to analyze the interaction and transport of residual

solvent with API during drying by evaluating the role of contact angles and capillary forces to



understand the transport of residual mois and the dissolved material during dryifidne
final component was thdevelopment ofa semiempirical approach based on the correlation
of material properties and breakage assessment tests to provide a correspondohgnstale

concept/apparatus for micking particle breakage in agitated dryers at various scales.
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Chapter 1: Introduction

One of the most widely usgmtocesses in the pharmaceutical industry is crystallization, which
produces highly purified Active Pharmaceutical Ingredients (APIs). Generally, pharmaceutical
manufacturing has two stages: primary and secondary. Primary manufacturing involves
synthesizingand isolating the active pharmaceutical ingredient (API), while secondary
manufacturing implies formulating the API into the desired drug prédentp, 2017).
Typically, primary manufacturing activities end with the isolation of the API with the required
physical properties for formulatiorfigure 1-1 shows this as a schematic diagram of

pharmaceutical manufacturing.

Synthesis ] i
(chemical synthesis stase) v Crystallization

v v
Purification -
L » (AP purification, recrystllizationor Filtration
particle formation)

Pomary Manufacturing

!

v 4

Formulation and secondary processing
Secondary fromulation —» (granulation, fluidised bed v Washing
drying compression, coating) “‘-\_

Supply N Drying

Figure 1-1 Schematic of APl manufacturing

Ideally, the crystallization process generates particles of the required physical properties and
purity of the suspended crystdlse, Lin and Lee, 2013Y he isolation process separates the

pure product crystals from the impure mother liquor and produces dnfjdvaag particles.
Considerable efforts have been made to optimize crystallization processes to generate products
with specified physical pperties and chemical purifiMacLeod and Muller, 2012However,

these desired patrticle properties, achieved by carefully designed upstream gr@ressien
compromised during isolation which involves filtration, washing, and drying $kdasleod

and Muller, 2012)In addition, these isolation processes pose significant challenges in avoiding
granulating or breaking of the crystals or precipitating dissolved impufiteabertoet al,

2011) Therefore, the isolation processes must be optimized to ensure the required properties.

After crystallization, the filtration process removes the mother liquor from the suspension
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(often termed slurry) by forcing the liquid component of slurry thraaudjher medium whose

pore size is smaller than the product's particle size. Typically, a pressure difference is applied
across the filter medium to provide a driving force for filtratigtamilton, 2011) After
filtration, a washing process removes residual mother ligitfzarma, Murugesan and Tabora,
2019). The selection of wash solvent depends upon several factors; including the solubility of
the desired product and the impurities within that solvent, and the ability of the wash solvent
to displace the mother liquor. Drying is the last step in isaadind purifying API crystals to
remove the residual solvent after filtration and waslidijoboniet al, 2019)

Drying refers to the pess of removing moisture or liquid from a substance, typically through
evaporation or other meanBrying of pharmaceuticals refers to the process of removing
moisture or solvent from pharmaceutical substances, products, or components to achieve
specific characteristics, stability, and quality standards. This process is crucial in
pharmaceutical manufacturing to ensure the preservation of active ingredients, prevent
degradation, enhance shelf life, and create suitable forms for administration (such asspowd
tablets, or capsules). Various drying methods, such as vacuum drying, spray drying, freeze
drying (lyophilization), and tray drying, are employed based on the nature of the
pharmaceutical material and the desired product attributes. The goal of platice drying

is to achieve consistent and reproducible products that meet regulatory requirements and

maintain therapeutic efficacy.

Drying is a critical processing step in the pharmaceutical industry, and it has a high impact on
the characteristics d@he final drug productParikh and Group, 2015Although drying is the

last step of the isolation process, it is often somewhat neglected during processrderelop

An optimum drying process of APl manufacturing can be developed by understanding all the
parameters linked with the chemical and physical product properties and their interaction with
drying kinetics(EdwardwW Conderet al, 2017) as shown ifrigure1-2.
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Figure 1-2 Components of the optimum drying process for API manufactBidgvard W Condeet al, 2017)

Drymg rate, cycle fime,
Process Robustness

PSD,

Drying is a complex process involving both heat and mass transfeccooring(Parikh and
Group, 2015with physical and chemical changes in the crystals, which must be understood
while developing drying process to ensure purity and right form criteria ea<Cimemical
stability mostly impacted by drying temperature, so thermal stability of a compound is assessed
to understand its degradation with temperature. For physical stability typically a solid form
phase map as a function of solvent compositiontanperature is generated which provides
guides for crystallization, filtration and drying design space. Phase maps may become more
complicated when the API exists in more than one physical form.

After defining thermodynamics conditions to maintain chengtability with the right form

drying process further needs todggimizedwithin the defined boundaries to improve process
robustness, reduce process time and to increase drying rate. To achipienézeddrying

process a detailed understanding ofirt kinetics is required. Therefore, it is imperative to
properly define the drying process parameters i.e. drying temperature, pressure, inlet gas flow
rate, agitation protocol, agitator design etc., which greatly influence drying kinetics. In
addition, particle properties like size distribution and morphology are also vulnerable to

changes caused by drying.

During drying, heat can be transferred by convection, in which heat transfer occurs through the
stream of hot gas passing through the wet mategialpnduction, in which heat transfer occurs
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through a hot surface, by radiation or by fredrgng (Mujumdar, 2007)

Conduction through a solid Convection from a surface Net radiation heat exchange
or a stationary fluid to a moving fluid between two surfaces
T T. T >T, ;
T 1> 12 T; : /" Surface, T,
L] || Moving fluid, 7. <
— , /\\ Surface, T,
> —> q" q4 \f/
> ¢ 1
1 e \
—is —T, G e

Figure 1-3 Modes of heat transfer (Heat transfer __ introduction to chemical and biological engineering

The use of one or another drying mechanism can be dictated by the -phgsial
characteristics of the API or the residual solvent left in the wet filter cake. Sometimes a mixed
drying mode isutilized by combining conductive and convective heat trankfenixed drying,

the material is dried by passing a hot gas through the material, which is also heated by the walls
of the dryer. This combined mode of heat transfer gives a more efficient performance than a

single mode of heat transféfeey, 1992)

In pharmaceutical manufacturing selection of dryers depends upon product specification and
safety requirementéSharma, Murugesan and Tabora, 20X@mmonly used dryer types
include fluidized bed dryergay dryers, conical dryers, tumble dryers, filter dryetcs(Kudra

and Mujumdar, 2009)The most widely used dryar pharmaceutical industries is the agitated
filter dryer (AFD). AFDs combine different unit operations, i.e., filtration, washing, and drying
(that drying includes contact or even a combination of contact and convective drying
mechanism) in one piece ofj@pment. Several advantages of AFDs include excellent
containment, which is highly desirable when handling highly potent drug substances. Its closed
design makes it able to operate under a vacuum allowing AFDs to be used for thermally
sensitive materialgs it can be operated at lower pressure, significantly reducing solvents'
vaporization temperature and allowing drying to be done at a lower temperature. The most
common problem encountered in AFD is agglomeration and attrition of the pa(ticies
Hapgood and Haig, 2016)

During drying, the moisture vaporizes amdves towards the surface of the bulk powder by
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diffusion (Pietsch, 2004)As this process continues, the remaining moisture content forms
liquid bridges between crystals, which can cause agglomeration. If the ilgagdlomerates
contains any dissolved material, it can cause recrystallization, creating a crust layer on the
surface of the agglomerates. This phenomenon occurs when drying is performed at low
temperatures under a vacuum. In this case, the crust bebandelsy the end of drying, while

the agglomerate under the crust can still be wet, thus producing a dry granule with high
moisture inside. These granules are problematic to store as there is a chance of moisture transfer
from core to crust hence reducirigetstability of stored product.

API solubility in wash solvent cause solid bridges, leading to agglomerg@limmrakar,
Gunadi, Patrick M. Piccionegt al, 2016) Wash solvent selection also influences
agglomeration during drying. Factors like wash solvent viscosity, evaporation tendency,
surface tension, and API solubility play an essential role in agglomeration during drying
(Tamrakar, Gunadi, Patrick M. Piccioret,al, 2016) Birch and Marziano (2013)lso studied

the effect of API solubility with different solvent mixtures. According to their study, the more
solubility of API in wash solvent, and the gter the chance of forming solid bridgastheir

study they showed that the solubility of their APl was more in pure solvent as compared to a
binary mixture with water (i.e. solubility in pure-MeTHF was 15.4 g/L and in-2
MeTHF/water 99:1 v/v was 6.4/L) hence resulting in greater extent and hard agglomerates.
In their work, Lim, Hapgood and Haig (2016) found that solid bridges formed due to the
crystallization of dissolved API, which leads to severe agglomeration. If the solubility of API
is very hgh in the solvent system, then it is impossible to mitigate agglomefatoiEndeet

al., 2013) So, selecting a wash solvent and removing residual moisture during washing can

help reduce aggregation during drying.

Previousstudies in this field have primarily focused on API solubility in the wash solvent,
overlookirg the significance of API solubility in the residual mother liquor retained within the
cake after washing, and its potential impact on agglomeration. As residual solvent properties
have been identified as a crucial factor influencing particle agglomeduiamg drying, this
research aims to address this gap by investigating the minimum amount of dissolved material
in the residual solvent that can trigger lump formation during the drying process. By
determining the critical threshold of dissolved API regdifor lump formation, we can
effectively modify the washing strategy to prevent agglomeration during drying. This approach

holds the promise of mitigating agglomerati@tated issues and optimizing the drying process

25



for improved pharmaceutical produgiality.

Another major issue encountered during agitated drying is preserving the particle's initial shape
and size by preventing its damage from attrition. Many factors can cause attrition, like the
mechanical effect of the blades of the stirrer, padpedicle collision, and collision of
particles with other parts of the dry@hadiri and Zhang, 2002)ekhalet al.(2004)suggested

that attrition can be minimized by varying the agitation speed according to the moisture level
presentin the cake. Another commonly applied method is intermittent agitation with alternating
periods of agitation and no agitation. In this reseawee try to find different techniques by

which the attrition of the particles can be estimated at the lab scale.

In addition, the attrition and agglomeration that occur with extreme drying conditions (very
high temperature to reduce drying timecontinuousagitation to fragile crystals) can have
unpredictable effects on the function and quality of the dried mhtkria also important to
realize that many API powders are shsansitive, so agitating such materials while wet can
cause agglomeration. The best way to dry API is to minimize the effects of agitation to maintain
particle integrity without creating lups or fines. Therefore, detailed studies of the effects of
drying processes on powder properties are required due to the lack of appropriate tools to
predict agitated dryer design and operation from both partekavior and scaling

perspectives.

In the pharmaceutical industry, the major challenge during crystal materials drying is the
preservation of the initial grain size and shape during the process by preventing the
agglomeration and attrition phenomena. It is clear from the preceding discussiomatha

tools, practices and studies tti¢o develop arobustdrying process there are still many
knowledge andechnologygaps that inhibit the creation standardizedvorkflows which

incorporate agglomeration aatirition problem during drying procesige:

1 Limited real time drying process understanding causing agglomeration and attrition
due to limitation of PAT tools to single point assessments to avoid contact with
mechanical agitators.

1 Lack of effective and efficient universal models which incorpoegglomeration and

attrition problem along with drying kineti@nd thermodynamics.

1 Lack of standardized, commercially available saide/n equipment
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The absence of standardized and commercially available-doate equipment poses a
significant challenge in the pharmaceutical industry. Sdalen equipment is essential for
conducting smalkcale experiments that accurately mimic larger production processes.
However, the lack of standardized options hampers the reproducibility anduedntipy of
research findings across different laboratories and organizations. Currently, -cogtm
scaledown equipment, leading to inconsistencies in experimental setups and data
interpretation. Such variability can result in difficulties when attémgpio scaleup processes

from the laboratory to commercial production.

The need for standardized, commercially available staen equipment is crucial for several

reasons:

1 Standardized equipment ensures that experiments can be replicated with precision
across different laboratories, enhancing the reliability and robustness of research
outcomes.

1 By having access to uniform scalewn equipment, pharmaceutical companies can
more effectively optimize their processes during early development stages, leading
improved efficiency and cosiffectiveness.

1 Standardized equipment can facilitate compliance with regulatory requirements, as
consistent and validated experimental setups are easier to document and demonstrate to
regulatory authorities.

1 Alack of standedized scaledown equipment can impede technology transfer between

research and manufacturing facilities, leading to delays and inefficiencies.

To address this issue, in this reseaeberaldifferentsmallscaleequipmenhave been tested

in order to deelop a standard scale down equipment which can mimic attrition occurring at
large scale industrial dryerBy providing a standardized and reliable seddevn apparatus,

this research aims to bridge the gap between ssnalk laboratory investigations alailge

scale production processes. Ultimately, it will contribute to the development of safer, more

effective pharmaceutical manufacturing
1.1 Aims and objectives

This research program focuses on understanding and mitigating the issues during API drying,

mainly predicting the potential aggregation and attrition during agitated drying. Although the
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drying operating conditions are complex, it is essential to investigate current industrial

concerns, which give rise to the following research questions:

1. How can theamount of residual sotion be optimized after washing to reduce

agglomeration?
2. Does the transport of moisture content during drying effects agglomeration?

3. How to reduce attrition during agitated drying by correlating material properties with

processingarameters?
This work tries to resolve the questions mentioned above by setting the following objectives:

A Before drying, the final product composition is critical in determining the flow
properties and quality of the ewhlied product. Thereforegddressing some vital
factors at the filtration and washing stages is essential to avoid issues during drying.
One of these factors is quantifying granule formation as a function of solubility in
residual solvents. Therefore, the aim is to establish @lation between the residual

solvent amount and its effects on granule formation.

A Based on the outcomes of the experiments, quantify the minimum amount of
residual solvent which can cause lump formation and modify deliquoring and washing
protocols to remo® mother liquor (residual solvent) below the threshold of lump

formation.

A After quantifying the threshold limit of the residual moisture content, the next
step will be to analyze the interaction and transport of residual solvent with API during

drying.

A Investigate the effect of solvent composition and initial solvent concentrations

on drying behavior and product particle properties.

A Explore different approaches to develop convenient methods for quantifying

agglomerates brittleness based on experimentalatain.
A Evaluate contact angles to understand how residual moisture influences drying.

A After investigating the agglomeration factors, the next step will be to design an
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optimum drying process that minimizes lump formation (or gets friable/soft
agglomerats). This work will focus on finding the roles of the factors responsible for

agglomeration during filtration and drying.

A The next aim of the project is to develop a sempirical approach based on
the correlation of material properties and breakagesassmt tests to provide a
corresponding scaldown concept/apparatus for mimicking particle breakage in

agitated dryers at various scales.

A A specifically smaHlscale agitated dryeFigure9-7), designed by Alconbury
Weston Ltd, was used to investigate attrition as a function of drier loading. This dryer
is a novel piece of equipment, and its performance characterization hasmtegted
yet. After detailed commissioning of the agitated drying rig, process parameters such
as rate of agitation and bed height will be investigated. Different materials respond
differently to the shear rate (crystal mechanical properties), so thereneed to
explore the relationship between agitation rate and particle properties. In addition, bed
height and crystal interaction are essential factors affecting final product attributes. |

will investigate these factors in detail.

1.2 Thesis outline
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Chapter 2: Literature Review: Drying basics, kinetics and

transport mechanisms

This chapter explains the basic theory and concepts concerning the drying process, including
dryer types and kinetics. Drying removes solvent by evaporation of solvent from wet products;

solutions, suspensions, slurries, and Eastbe process is termed vagation when it occurs

at the solvent boiling point. Therefore, understanding the thermodynamics and heat & mass
transfer mechanisms involved is essential to predict drying curves and temperature profile
variations with timeThis chapter also gives a general overview of the classification of dryers

used in the pharmaceutical industry
2.1Drying basics

During pharmaceutical manufacturing, the main progessving drying isthe isolation and
recovery of API crystals from motheaqlior after crystalBation and filtration. An alternative
approach to modify the shape and size of particles is spray drying which can produce free
flowing particles. Another approach to manage particle size and shape setiuiéid drying.
(Kemp, 2017)

Drying involves removing volatile liquids from solutions, slurries, or suspasdiy applying
thermal energy(Jerger, 1951)Drying is a necessary final step of API isolati@s the
mechanical separation achieved by stilidid separation is never complete. One of the
complicatedactors for drying is the heterogeneous aspect involving solids, liquidsaaic

and the requirement for heat to be supplied to evaporate the solvent.

The drying process significantly impacts the characteristics of the end drug product. Therefore,
it is necessary to understand several drying processing requirements like complete removal of
residual solvent, agglomeration prevention, cake cracking, and uniform distribution of
impurities. In addition, residual solvent levels must meet ICH guidelii€H Q3C(R8)
Guideline on Impurities, 20219 safeguard patientalso, traces of residual solvent may affect

the stability of the formulated product. Therefore, one of the most appropriate ways to
understand and communicate drying parameters is to plot a graph of moisture content against
time (Jerger, 1951)

Moisture concentrationX), the moisture content in wet material, is defined as the mass of
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moisture present per unit of dry material.

D& Qf EIEDQE O DHWO-QE ¢ Equation2-1
Where m is the mass of wet material and imthe mass of dried material
The drying rate{) (g/min)is the rate of change of moisture conté8tmurda, 2017)

—— Equation2-2

Where nt is the mass of dried material, and A is the surface area exposed to the drying
conditionsand dX/dt is the rate of change of moisture with tifr@ther convenient approach

to present weight loss during drying is to express moisture content as a Lols®nf drying

(LOD) (Ottoboniet al, 2020)

000 Zp T Equation2-3

There are ditrent types of residual moisture content depending on the moisture level and how
the moisture is retained in the sample (Begure 2-1). For example the residual moisture
content can be the bousdlventin the form of a solvate. In contrast, the examsssture in

wet samples of such materials is an unbound saliBatause of its structural role in the crystal
lattice, thevapa pressure of bound moisture is lower thaattbf theunbound solvent at the
same temperature. Solvent retained in the pores of a porous materiaingeiatebetween

free and bound moiste.

Constant P,T

Total moisture content

Free moisture Unbound

moisture

Bound
moisture

Moisture content (kg/kg)

Equilibrium moisture

r

0 Percentage Relative Humidity 1

Figure 2-1 Types of moisture involves in dryifidajumdar & Marchertas, 1997)
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Free moisture, which consists of the unbound, and some part of the bound moisture, can be
evaporated during dryindgzigure 2-1 illustrates a key conge in drying, the equilibrium
moisture contentvhich depends on the sample temperature and pressure. The moisture content
will never reduce below this point, even if the duration of drying is extefidal, 1988)
Therefore, this value is the lowest moisture content for the specific material (substrate and
solvent), which can be achieved by drying under the defined temperature and humidity

conditions(Jerger, 1951)

Thermal evaporation is usuallised to dry materials that can resist thermal decomposition at

a standard boiling point, where the vappressure of moisture equals atmospheric pressure.
Correspondingly, vacuum evaporation occurs at lower pressures where reduced pressure has
been applid to lower the solvent boiling point. In vapsation, hot air or heated nitrogen

passes through the wet solids and directly supplies the heat for moisture rétadydl988)
2.1.1Drying types classified bythe heat transfer mechanism

There are three drying modes of heat transfer in porous media: convection, conduction, and
radiation. According to thenoisture's heat transfer mechanism, dryers can be clasaied
directheat (convection) drysyindirectheat (conduction) dryers, and those driven by radiation

from a hot surface.

(a)
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@ .
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le—p!

Gas conduction

<1mm

(b)

Radiation

Q rad
s

(d)

Solid conduction

Figure2-2 The modes of heat transport in porous materials. Heat transfer by a) convection, b) radiation, ¢) gas conduction,
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During direct drying, heat is transferred from hot gases passing through a bed of partitles,
indirect heat transfer occurs from hot walls. The hot gas can be air, steam, nitrogen, or any
other nonreactive gas. Contttive drying occurs due to the evaporation of liquids by applying
heat to the wet material. Especially under vacuum conditions, contact drying is used for heat
and oxygersensitive drugs to avoid thermal degradation. The extreme case of vacuum drying
is freeze drying, where the moisture in the starting material has been frozen. The ice sublimates
into a gaseous state by contact, convective, or radiative heating. The advantage of freeze drying
is that during the sublimation process, the structure and piegpef the dried material remain

unchanged.

Contact drying is an indirect process that removes the liquid phase from a solid by heating it
converting the liquid from the surface of the solid to an unsaturateduvg@base. It is a
standard process indaostries dealing with chemicals, catalysts, food, pharmaceuticals, and
other products. The driving force for contact drying is temperature difference; therefore, higher
contact surface temperatures approaching the solvent's boiling point exhibit fagter dry
performance. The evaporation temperature for contact drying is the saturation temperature at
the prevalent vapo pressure; it can be calculated from Antoine's equdteen & Perry,

2008)

2.1.2Drying Kinetics

A typical pair ofdrying curvesas shown irFigure2-3, can illustrate drying kinetics, the curve
on the left showshedrying rate against timand the curve on the right shoti=e drying rate
against residual moisture content thereftine trajectory over time in the righthand curve is
from top right to bottom left. Together the curves show the different stages of dmyadeach
drying curve has three distinct drying periods: iféuction / initial adjustment period, the

constant rate period, and the falling rate period,
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Constant rate

Constant rate

e

Falling rate

N

drying rate
drying rate

Falling rate

/

Critical moisture

time moisture content

Figure2-3: Characteristic drying curve. (T. and Ocone, 2011)

The first stage othe drying stage starts when the material is heated or until the solvent
evaporates rapidly by reducing the pressure as the boiling point approaches. As soon as
moisture evaporates, the drying rate increases. However, this period is brief and abrupt, so not
very noticeable in the drying curve. The secaligling stages the constant rate period, in

which the temperature and pressure are maintained at the boiling point. The heat transfer rate
controls the evaporation of unbound (free) moisture content fronatheated surface. During

this stage, the slope and drying rate depends upon dryer agitation, the inlet gas temperature and

humidity, and operating pressuedward W. Condeetal., 2017)

Once the sample surface becomes mainly aing the solvent diffusion from the bulk to the
surface is insufficient to maintain vapour saturation at the evaporative surface, the drying rate
decreases; this stage is the falling rate period pimase of drying is linked to the evaporation

of more tightly bound moisture from within the particle bed, especially if the particles are
agglomerates as presented as granules. The temperature of the solid bulk material rises during
this period due toower vapar pressure and the correspondingly higher boiling point
(Pakowski & Mujumdar, 2014)At the end of the falling rate period, there is a point when no
further moisture removal takes pgad his point is the equilibrium moisture content, the lowest
possible moisture to which the material needs to be dry at this temperature and plesgere

1951)

2.1 Transport Mechanism During drying

The moisture transport during drying can be controllebeeiinternally (by diffusion) or

externally (by providing heat). External conditions dominate the drying mechanism when the
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resistance of the boundary layer to the mass transfer is greater than the internal resistance and
vice versa. When external condii®dominate, drying mainly depends on the delivery of heat
energy, while for internal conditions, drying is more dependent on wet material properties
(Freire, da Silveira, and Carmo Ferreira, 2012)

During drying, evaporation occurs by transporting moisture fromntiegior to the exterior
surface of the wet material. Moisture present in the wet cake can be of two sgpten
2.12.1.2 bonded moisture is chemically attached to the material or trapped within its
microstructure, while the moisture in excess of the bonded moisture is termed unbomeled or f
moisture(Figure2-1). Bonded moisture exerts lower vapour pressures and has apparent values
of latent heat of vaporization due to the additioesistance associated with the interactions

with the substrate materigfreire, Freire, and Perazzini, 2014)

For drying to takeplace, the wet solid materials' moisture must migrate from the wet cake's
interior to the external surfagevhitaker, 1985)Sherwood (192%liscussed for the first time

the mechanism of movement of moisture. He concludes that liquid or vapour diffusion causes
moisture trangort from the interior to the external surface. Howeverger (1951fliscussed

that gravitational flow and vaporization condensation process also affect the moisture transport
at the pore levelSimilarly, Shi and Wang (2004nentioned that possible mechanisms of
moisture transport during drying include moisture transport due to the difference in total
pressure, shrinkage, and by surface diffusion. Even though several transport mechanisms have
been suggested for internal maig transfer there is still no generalized the@kraisheh,

Cooper and Magee, 1997)

Important issues to be addressed in solid drying are how exactly liquid or solvent is transported
through the solids to the surface, how and where evaporation occurs and how these factors
affect the distribution of moisture through the solids; the tempeyaif the material, and
evaporation rate under different drying conditions, i.e., dryer temperature, air humidity and air
velocity (Sherwood, 1929a)

2.1.3Classification of evaporation during the drying mechanism

During drying, evaporation may occur at the surface of the solid material or within the solid
structue. Evaporation at each point is then further classified into two categories, depending
upon the comparison of the resistance of the diffusion of internal moisture to the total resistance

of the vapour removgBSherwood, 1929a)
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|.  Evaporation of the moisture at the surface of the solid due to lower inteffogiat
resistance of the moisture compared to the total resistance of vapour removal.
[I.  Evaporation of the moisture at the surface of the solid due to greater internal diffusion

resistance of the moisture compared to the total resistance of vapour removal.

lll.  Evaporation of the moisture within the solid structure due to lower internal diffusion
resistance of the moisture compared to the total resistance of vapour removal.

IV.  Evaporation of the moisture within the solid structure due to greater internal diffusion
resistance of the moisture compared to the total resistance of vapour removal.

However, Sherwood (1929b¥uggested that the evaporation within the solid due to lower

resistance of internal diffusion to the overall resistance of vapour removal is not possible, as

the ewaporation within the wet material occurs because of higher internal diffusion resistance.

The drying is not restricted to one case; as drying proceeds, the mechanism of moisture

transport may vary from one case to another. For example, evaporation ocacuttsef surface

(case 1) while drying a very wet surface at a constant drying rate. When the moisture content

starts to decline, the drying rate falls as evaporation proceeds. The falling drying rate is then

divided into two zones: the first zone, in whitlike decrease in the rate of drying is due to

reduced wetted surface available for evaporation, and the second zone, which is the final zone

and is controlled by the diffusion of moisture from internal to the external surface of the

material(Sherwood, 1929a, 1929l9mith (1959Yeported that the moisture removal rate from

the material's interior depends not only on the resistance of the material's cell structure but also

on the sizeand distribution of capillary passages. SimilaNfy and Tsotsas (2018)Iso

reported that moisture transport in solid material during drying is also caused by gravity,

external pressure, convection, vaporization, and condensation.
2.1.4Mechanism of internal moisture transport

During the drying of the material, which contains internal moisture, a point comes when the
evaporation of moisture from the surface occurs after replenishment from the interior. If the
material contains connectipgre spaces, moisture may be transported in the liquid phase under
surface tension or capillarity. As drying proceeds, the remaining internal moisture must be
transported to the surface by diffusion due to the breakage of interior surfaces. Hence, moisture
transport is a complex process, which also depends on the material's nature and has not been

completely acknowledged y&mith, 1959)
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2.1.1.1Moisture transport by capillarity

Capillary flow occurs through voids and on solid surfaces due to molecular attraction between
liquid and solid. Porous solids exhibit capillary action when sadratith solvent and are
known to be in a capillary state. A typical example of capillary flow is the rise of kerosene in
a wick. Moisture movement in capillary flow is due to the surface tension of the liquid. The
material in a powder bed can contain adiarof capillaries which allow moisture movement
during drying. The drying rate depends on the size of the pores or voids and their distribution

within the material.

The moisture held between the crevices of solid material is transported by gravity ilag/cap
action. These phenomena transport the moisture that is above equilibrium moisture content. As
the material dries, the moisture meniscus formed between the pores of the particles successively
becomes narrow and then collapses. If appropriate pas are available, then the moisture

flow continues from the area of high concentration to the lower concentr&fichter C.
(1905)first indicated the influence of pathways on the transport of moistwedalthe pore

sizes. LaterCeaglske and Hougen (19313ed capillary theory and suggested that a similar

mechanism occurs in granular material drying.

Haines (1925galso studied the meniscus formation on the bed of solid spheres and developed
an expression for its surface potential. Latmwitt and Conwaylones (1958proposed a
method of measuring the surface potentials of menisci with particles of mixed sizes. However,
there are stilho valuable predictions of drying rates related to capillafibhese models have

been influential in understanding and describing the kinetics of drying.
Haines Model (1925):

Haines developed a model to describe the drying of porous materials, paytidulang the
constantrate period of drying. This model is often referred to as the "Haines drying equation.”

It assumes that the rate of drying is proportional to the difference between the moisture content
of the material and the equilibrium moisturentent at the drying temperature. The Haines
model helps explain the initial rapid drying period when moisture is readily available at the

material's surface.
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Newitt Model (1958):

Newitt extended the work of Haines by considering the faltatg period ofdrying. The
falling-rate period occurs when the drying process becomes limited by the rate at which
moisture can move from the interior of the material to the surface. Newitt's model incorporates
both diffusion of moisture within the material and the s&sice offered by the external layer

of dried material. This model is particularly relevant for cases where the drying process is no

longer controlled solely by external conditions.

Both models are foundational in the study of drying kinetics and haveilmdat to the
understanding of moisture migration within porous materials during the drying process. They
provide valuable insights into how different factors such as temperature, humidity, and material
properties affect drying rates and the overall dyyrehavior. Keep in mind that subsequent
research might have refined or expanded upon these models, so it's a good idea to explore more

recent literature for the latest advancements in the field.
2.1.1.2Moisture transport by diffusion

When porousparticles dry, moisture diffuses through the solids. Diffusion is a molecular
process, primarily the random motion of individual solvent molecules. It is assumed that the
solvent molecules in the material can move freely. In this case, they tend tofspneadeas

with high moisture concentrations to areas with lower moisture concentrations to counteract
the reduced moisture gradient and balance the moisture concentration. Moisture diffusion
occurs when there is a concentration difference between thefdbeeparticle and the surface.
Moisture diffusivity generally decreases with decreasing moisture content. Therefore, the

diffusion level is usually an average value over the concentration range used.

As drying proceeds, the capillary action ceases asritbed above, and then the remaining
moisture must reach the external surface of the material by diffusion. Diffusion is the random
mixing of molecules and causes moisture transfer from regions of high concentration to regions

of low concentration. Diffusn often controls drying rates at low moisture levels.

Sherwood (1929) and Lewés al.(1979)developed a mathematical model for drying by using
the Fourier heatquation. To develop a simple diffusion model during drying, they replace
temperature and thermal diffusivity with moisture and moisture diffusivity, respectively. This
model can calculate the moisture distribution in solid material during drying by congitiee
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diffusivity of the liquid constant.

— 1 @ Equation2-4
Where,
X = moisture content,
t = time,
1 = effective diffusion coefficient, and

N is a gradient, thredimensional differential operator and gives the direction of diffusion of

moisture content vector

Extensive work has been carried out to determine the effective diffusion coefficient in the past
(Koponen (1984), Raouzeos and Saravacos (1986), éarals(1992), Pelet al. (1993),
Mourad, Hemati, and Laguerie (1996), Pel, Brocken and Kopinga (B9@6)Srikiatden and
Roberts (2006)Blackband and Mansfield (1986), McDonald, Pritchard, and Roberts (1996),
and Schrader and Litchfield (200r9ed magnetic resonance imaging (MRI) to study moisture
transport during drying. They then directly uskdge measured moisture profiles to calculate

the effective distribution coefficient. Their studies show that MRI is an effective technique as
it can measure moisture at any point. Moreover, this technique provides a rapid, precise, and
non-destructive proedure to measure moisture profiles and consequently allows the analysis

of several models for drying.

Diffusion models are considered the simplest way to describe the drying process. However,
diffusion theory is an oversimplified technique to explain thessntransfer during drying
because of its singlphase modelling. Despite diffusion theory, the capillary theory is more
elaborated; still, it does not provide sufficient information for mass transfer. Capillary flow
theory provides good predictions of retuire transport for coarse granular material, but for fine
particles, the surface energy of the pores between particles, which considerably affects moisture
transport, is not covered by both diffusion or capillary thdo a g a n t In thelr Jvatk) )
Huang,Siang and Best (1979) showed that moisture transport through porous media strongly

depends on the structure of porous material.
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2.1.1.3Gravitational flow

Gravity tends to pull liquid towards the bottom of a bed of wet solid. Gravity only works in the
vertical drection. In contrast, diffusion works in all directions with decreasing concentration,

and capillary flow depends on the size and interstitial pore distribution.
2.1.1.4Convection

Convection is based on the movement of liquids in porous materials driven bioheand is

the driving force associated with the temperature difference created by energy transfer. This
process is often referred to as thermal diffusion. The direction of moisture flow is in the
direction of a decrease in temperatuthe more significat the temperature difference, the
faster the heat transfer. Conversely, at lower temperature differences, the heat transfer rate is

slower.
2.1.1.5Vaporisation and condensation process

In this theory, it is assumed that the temperature difference causes a pagssure gradient

within the solid, resulting in liquid evaporation and its subsequent condensation on cooler
surfaces. Therefore, when the wet solid is heated at its bottom surface, and dry air circulates at
the top, moisture vaporises at the bottom, nehtbe temperature is at the highest point, and the
upwardly diffusing vapours repeatedly condense and evaporate before finally escaping into the
vapour space. If the moisture is heated to the boiling point, then the whole column of the liquid

moves upward

Shi and Wang (2004Iso mentioned other possible drying mechanisms at the pore level.

1 Moisture vapour diffusion due to the difference in partial pressures withiilear
pores.

1 Moisture flow due to difference in total pressure
1 Moisture tow caused by shrinkage
1 Surface diffusion

These mechanisms exist in different drying stages; their relative importance depends on drying
conditions, pore geometry, and composition of the porous me@eagura, 2007)
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2.1.5Properties of a porous media

Fluid flow through porous media has attracted many engineers and scientists from various
fields, including chemical and environmental engineering, the food industry, and geothermal
physics. It is generally accepted that every material is porous to soem. &tte physical and
chemical properties of porous materials depend upon the pore structure. The diversity of porous
materials has led to various studies on transport mechanisms through porous materials
(Coutelieris and Delgado, 2012)

2.1.1.6Porous media and porosity

According toKantzas, Apostolos; Bryan Jonathan; Taheri (20&a9olid material or system

could be catgorized as porous if:

1 It contains pores, spaces, or voids free from solids and may be filled with air, water, or

other liquids.

1 Itis permeable, allowing fluid penetration from one face and emerging from the other.
Regarding mechanical properties, pormagerial could be classified as consolidated, in which
any cementing material holds particles, and unconsolidated, in which particles are loose
(Morita, 2020)

\m

Figure 2-4 Microscopic crosssection image of a porous mediidantzas, Apostolos; Bryan Jonathan; Taheri, 2015)

Porosity

Porosity is one of the essential properties of porous material and is definedai®tbepore

volume to bulk volume. The bulk volume is the sum of the volume of particles and pores.
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n — P Equation2-5
W6 MR GO AT O WEHE @G 0@ & 6 dEQuation2-6
Where,

n = Porosity

However, from a moisture transport point of view, interconnected pores are of greater interest,
leading to the concept of effective porosity. Effective porosity is the ratio of interconnected
pore volume to bulk volume. There is a significant differenceial and effective porosity
values for consolidated material, while for unconsolidated materials, both are approximately
the samgKantzas, Apostolos; Bryan Jonathan; Taheri, 2015)

Wettability

The wettability of porous media plays an essential role in studying moisture transport. The
contact angle usually determines the extent of wetting of a solid by a liquidctnkect angle

is less than 90 the fluid is wetting the solid particle; if the contact angle is greater than 90°,
then the fluid is nofwetting (Morita, 2020)

Air
y Water
0y

—_ Mercury
0 Yy

Glass
0<90° 0>90°

Figure 2-5 Comparison of wetting and nemetting fluid(E. Heinemann, 2005)
2.1.6Properties of wet granular media

Menisci and Capillary forces

The attractive forces caused by the liquid menisci between two particles are called capillary
forces. Two main reasons for meniscus formation are capillary condensation and deposition of
adsorbed liquid on a solid surfautt and Kappl, 2009)Capillary forces and surface tension

give rise to cohesive forces within thwet granular materigMitarai and Nori, 2007)
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Figure 2-6 lllustration of the liquid bridge and principal radii of curvatu(e. Heinemann, 2005)

The pressure differenceP between both side$ the fluid, i.e., liquid and air with menisci of

radii rr and g, can be calculated by the Laplace equation and is given as:
Yo 0 0 Py Py Equation2-7

Where,

~ = surface tension

P. = air pressure

P, = liquid pressure

If the curvature is positive, that is, menisci drawn back to the liquid phase, th@énpositive,

also known as suction.
Liquid bridges between particles

Liquid bridges figure 2-6) also induce attraction forces between particles due to surface tension
and suction. The presence of liquid between particles reduces the surface area resulting in

suction and cohesive forcbstween particles.
2.2 Classification of dryers and their applications

Dryers can be classified on several differentebaDepending upon the heat transfer
mechanism, dryers can be classified as direct (convection), indirect (conduction), radiant, and
microwave / dielectric dryers. Convective or adiabatic dryers use the latent heat of hot gases to

evaporate the moisture, Wheat transfer in conductive dryers occurs through heated surfaces
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in the dryers (indirect drying). Generally, contact dryers operating under vacuum conditions

are suitable for heat and oxygsensitive pharmaceutical products.

Dryers can also be claBsd based on material handling in the dryers. The essential criteria in
this type of Classification are the presence or absence of agitation, i.e., static or dynamic drying.
In static drying, there is no imposed movement of the materia¢ dried, for gample in a
vacuum tray drier. Similarly, hot gas cfow gently through a static bed of wet material,
inducing the solvent's evaporation. However, in a dynamic dryer, movement of the material in
the bed can be achieved typically by using agitatgsin an agitated filter drie(Parikh &

Group, 2015)r in a fluidised bed drier where the hot gas flow is sufficterduspend the

particles during drying

Different drying technologies are used in the pharmaceutical industry to address APIs with
different properties and to achieve different outcomes. For example, for API recovery after
crystallisation, filter or contactiryers are used, after wet granulatithaidi sed bed dryers are

used, and spray dryers can be used to producdldmgimg particles. Anotheparticularuse of

dryers is to isolate sterile products, such as frelegmg antibiotics directly in vials for
reconstitution at the point of uggemp, 2017) Hence, selecting the best dryer the scope

of the work needs to be carefully determined. Some commonly used dryers in pharmaceutical

manufacturing are listed below:

Laboratory vacuum ovensare suitable for drying very small batches of pharmaceuticals in
early development. Material can be presented as a thin layer on a glass dish. Although a small
nitrogen flow (nitrogen bleed) is frequently provided, the heat energy needed to dry the produc
is supplied through the oven's walRakowski & Mujumdar, 2014)

Tray dryers, a scaledup version of the vacuum oven, consist of trays inside a vacuum
chamber. A modest flow of heated nitesgprovides a carrier to displace solvent vapour. The
trays, typically stainless steel, are placed on heated shelves. Tray dryers are suitable for
relatively small amounts of material to avoid attrition. However, tray driers have many

disadvantages, inclity inhomogeneous drying and the distribution of impurities.

Furthermore, the formation of hard lumps frequently accompanies tray drying. For these
reasons, traylried material often requires milling to remove lumps and ensure a uniform
distribution of re&lual impurities. In addition, these involve quite an extended drying time,

usually 1224 hourgGuerrercet al, 2003) Many organisations do not use tray dryers due to
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onerous PPE requirements needed to manage the risk of operator exposure to the drug

substance and the potential for product contamination during thesmhogerations.

Filter dryers perform both filtration and drying. These dryers are the most widely used dryer
in the pharmaceutical industry. Effectively they are a filter equipped with an agitator and
jacketed walls to supply heat. In some larger uniiangernally heated agitator also delivers
heat to the material. Filter dryers can also function as convective dryers. A key advantage is
enhanced containment, as transfer of the solvent wet API cake from, for example, a filter to a
tray drier is avoidedThe accompanying disadvantage is that the process sequence is extended
as the same equipment is used for filtration, washing, and drying, potentially becoming a
bottleneck(Pakowski and Mujumdar, 2014)

Spray dryersinvolve the drying of soliions and slurries. In a spray dryer, either a solution of
the API or a suspension of very fine particles of APl is dispersed as fine droplets in a moving
stream of hot nitrogen to facilitate the evaporation of the solvent. Spray driers can be useful
whendrying temperatursensitive materials. One of the main advantages of spray dryers is
that if the end product is very fine, usually spherical particles, it can be used directly for
tabletting after mixing with other components. In addition, the maximuaimatile size is the

drop diameter volume which evaporates during the time of flight through the drying chamber
(Pakowski & Mujumdar, 2014)

Fluidi sed bed dryersare the most widely used in sedany processing (formulation). They

are frequently associated with wet granulators, where they are used to remove the water used
in the granulation process. Wet granulation is one of the most common formulation routes to
ensure content uniformity. The feeates for these dryers can vary from a few grams to tons

per hour, though the units employed in the pharmaceutical sector are usually at the lower end
of the scale. Heated air or nitrogen passes through a bed of product granules to create a fluidised
bed. Typically pharmaceutical fluidised bed driers are operated hsittd based on the
manufacturing scale. However, these dryers achieve uniform drying in other industry sectors
for continuous largscale production. The main disadvantage of fluidised bgerslis that

they are not suitable for friable products and with large sizes, where particles show poor

fluidisation (Guerrercet al, 2003)

In addition to the dryers, as mentioned earlier, other dryers include centrifugal filter dryers,

tumble dryers, radiatiechased dryers like microwave ovens, €dujumdar, 2007)
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Traditionally, filtration and drying unit operations were carried out with different equipment.
Consequently, material transfer losses added to cleaning conditions and other issues that come
with product transfer, like increased production time. A single unit capable of carrying out both
operations can avoid all the downsides mentioned. This idea teatle migration toward
Agitated Filter Dryers (AFDs).

2.3 Summary

Drying is the removal of solvent either from aqueous or organic solvent solution. The basic
dryers that are used for pharmaceutical drying process are introduced. Different drying periods
aong with drying kinetics are sketched. The distinctive drying stages with regarding to
different mass and heat transfer mechanisms are desddbethrehensivanterpretations of

drying stages are essential to understanding experimental drying behavieubasic drying

theory included in this chapter: two common modes include contact and convective drying
usually used industrial filter dryer equipment are described. The thermophysical and transport

properties porous beds that are essential to dryirgepscare descried
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Chapter 3: Agitated filter dryer & inter particle phen omenon:

Agitation and attrition

In this chapter, a detailed descriptiontbé Agitated Filter Dryer (AFD) is provided. The
development of agitated filter dryer (AFD) equipment and techniques evolvedheMast

decade and are well appealed to theufecturer once employed theindustry. Thewide use

of commercial AFD in pharmaceutical engineering receives great concern. Vacuum contact
drying theory related to AFDeither experimentally or in simulation aspeckss been
extensively researched. The transport and separation process takes place in a single unit
involving heat transfer and mass transfer at the same time. It is also considered as one of the
most suitable processes for dryitigermalsensitiveand oxygensensiive pharmaceutical
chemicals due to the specific desired characteristics of AFD. The combination of vacuum
contact drying, and convective drying is considered as an efficient method to optimize
drying process, but two majesuesoccurring during agated drying are agglomeration and
attrition. Different parameters thatfect agglomeration and attrition during agitated drying

have been discussed in detail in this chapter.
3.1 Agitated Filter dryer

Appropriate dryers may be selected depending on pradqaoirements and safety concerns.
Several dryer types used pharmaceuticamanufacturing have been describedefly in
Chapter 2the agitated filter dryer is one of the most commonly used equipment items in API
production. It can perform material fétfion from the mother liquor, washing, and drying
(Seader & Henley, 2006The main benefit of combining all these unit operations in one piece
of equipment is to reduce staff exposure during material transfers Ipettveeiter and dryer.

In addition, there is an associated reduction in the risk of product contamination bringing a
quality benefit. Generally, AFD islso suitable for oxygen and temperatig@ensitive
substances due to its enclosed design and theyatalitvork under a vacuur(Kudra &
Mujumdar, 2009)since a vacuum redusethe vaposation temperature of the solvent.
Furthermore, AFD can provide high content uniformity due to the agitation, ensuring product
guality (Sharma, Murugesan, and Tabora, 20spite all these advantages and drawbacks
of using AFD, one of the most evident drawbacks msgduormation occurring during drying

and particle breakage due to agitation.
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In agitated dryersthere is a complex interaction of agitation, agglomeration, and attrition
during drying. Agitation redistributes the material being dried to improve theahdatnass
transfer rate, as drying is not homogenous (dry material would accumulate at the edges and wet
material remain within the core). Without agitation, drying will be nonhomogeneous, and the
drying process becomes long. Still, a significant liabiityising agitation during drying is the
formation of aggl omerates or the attrition
required properties. In the early stages of drying, the material is above or at critical moisture
contenf and agglomeation dominategWallack & King, 1988) While attrition occurs in the

later drying stages when the material tends to becomdéldneang, this is especially significant

near theimpeller and when the dryer operates with an increased bed [(eightHapgood,

and Haig, 2016)Iin addition, trapped moisture within the lumps can cause product degradation
and patrticle size modification during storage and secondary processing (formulatiodrafithe
product)(Lim, Hapgood, and Haig, 2018n some casesadditional processing equipment and
steps, like dry milling, may be required to control particle sizeearsire content uniformity

of material subjected to agitated dryif¥galkowsky & Bolton, 1990)

Practically agitated filter drysroperate in three working stages: the filtration stage,
washing stage, and the drying stage shown inFigure 3-1(Tamrakar, Gunadi, Patrick M
Piccione et al, 2016)

Nitrogen or cold Mechanical agitation
Slurry charged Fresatire Wash solvent air blow through to enhance
sprayed i
-\ drying rate Vacuum
Impeller Blow through
lowered onto reduces pre-
cake surface drying moisture
o smooth content
any cracks Residual
__________________ wash liguid
......... evaporated
- o n. \'ql’ash liquid 0 [}
| domaceste | T (<
mather liquor

Mother liguor
filtered out

LIAI2 2

l. Il. 1.
Filtration & Washing Blow-down &
Smoothing Stage Stage Drying Stage

Figure3-1 Schematic of Agitated Filter Dryer proce§§amrakar, Gunadi, Patrick M. Piccioret,al, 2016)
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The process starts with charging the product suspension into the dryer. The slurry is often
allowed to settle before applying pressure to drive the filtration. In some cases, the filtration
stops at dry land when the filter cake surface is exposed, amthéhevash is applied on top of

a fully saturated cake. Alternatively, the filtration can continue until a breakthrough and the
cake is deliquored. Filtration to breakthrough can cause cake cracking. Thus, consolidation or
smoothing is performed using thgitator to smooth the cake surface before washing. Washing
removes the residual mother liquor and impurities within the cake. Washing can be performed
either by displacement or by reslurrying. In displacement washing, the solvent is sprayed
carefully ontothe cake surface, minising the cake disturbance to avoid a thin spot forming
through which much of the wash solvent would pass, reducing washing efficiency. The washed

material is then deliquored by applying pressure.

In reslurry washing, sometimes leal resuspension washing, the filter dryer is filled with
sufficient wash solvent to resuspend the product particles by stirring. In this approach, impurity
removal depends on the relative quantity of mother liquor left in the filter cake and the amount
of wash solvent employed. Washing steps are repeated several times if necessary to attain the
required purification. A blowdown step at the end of washing reduces the cake solvent content
before drying/Am Endeet al, 2013) Finally, drying is achieved by setting the desired jacket
temperature and vacuum level. Contagfirty uses conduction to heat the wet particle bed by
exchanging heat from the surfaces (walls or impeller) with the wet powder. Heat sources can
be hot water, steam, or heat transfer oil. In addition, there is aivapace above. Nitrogen is

the main gasised in contact drying in the pharmaceutical industry as it is relatively inexpensive
and provides inertness to mingaithe risk of solvent vapo ignition. The use of the impeller
achieves particle mixing. Mechanical agitation prevents local overhebtingnproving
temperature and moisture content uniformity across the particle bed. However, agitation during
drying can cause both lump formatioa. agglomeratiorand particle breakagee. attrition
contributing to particle size variation. For thesasens, selecting agitation conditions is vital

to avoid the breakage of fragile particles. Contact drying can operate at ambient pressure or
under a vacuum (the preferred method for thesmiositive materials because solvent
evaporation occurs at a lowerntperature than the standard solvent boiling temperature).
Vacuum drying is also suggested for compounds sensitive to oxidation as reduced pressure,
temperature, and nitrogefnitrogen purge: to remove saturated flammable vapours in

headspace due to evaption during dryinguse minimge oxidative degradation.

58



3.2 Agglomeration

During the drying phase of AFD, there is usually a risk of particle agglomeration and breakage,
which can sometimes be linked to the dryer's maloperation. To understanuirttaay
agglomeration mechanism, several studies have been done. However, there is still no widely
applicable protocol to avoid this problem. Many factarsluding the design of the
crystallisation process, the drying operating conditions, propertigbeofvash solvent, the
shape and size of the washed crystals, dmjidd interactions, e.g., solubility and contact
angle, the presence of impurities and residual solvent, dripping of condensed solvent from the
upper surfaces of the dryer, and particlediistribution can all contribute to agglomeration.
This list is probably not rigoroyand it is difficult to assign a single cause in amgtanceof

drying.
3.2.1Factors affectingagglomeration.
3.2.1.1Solid-solvent binding and sticky issues

Stickiness is frequelyt encountered when manufacturing and drying pow{@epadakis &
Bahu, 192). Stickiness is the flow resistance or agglomeration caused by paditiele and
particle wall interactions. Cohesion and adhesion are two defined phenomena caused by
stickiness. Cohesion is an internal particle property in which particles tantstick to each

other by forming an agglomerate. Therefore, it is very disadvantageous for the drying process.

In contrast, adhesion is an interfacial property that gives the measure of forces that holds the
powders to other surfaces. A more significimce than adhesive force is required to break the
bond between the particles and the surface. So, this usually describes the phenomenon of
powders sticking to the heated drier walls as moisture reduces. The particles form a solid bridge
at the inner was, especially during contact dryirftyesonet al, 2001b) During the agitation
process, granules consolidate, increasing saturation in liquid pores and causing changes in
mechanical properties. This shows that consolidation has a prominent effecbehakey of

granule growh. The enlargement of particle size induced by coalescence is known as balling.
Various forces cause balling according to different mechanisms of binding, which can be

classified into five major groups:
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Table3-1 Binding mechanismef agglomeratior{Pietsch, 1997)

Solid Bridges

1 Sintering

0 Solid bridges developed due to diffusion oof molecule from one
particle to other when the temperature of the systems rises above
approximately two third of melting temperature of solid.

T Chemical reaction

0 Solid bridges formed due to chemical reaction depends upon
reactivity of the material. Elevated temperature or pressure can
cause a chemical reaction in presence of moisture.

1 Partial melting

o Partial melting occurs due to heat caused by friction or pressure
which results in formation of liquid bridges. These liquid bridges
quickly solidify due to large heat sink provided by surrounding
solids.

1 Hardening binders
a) Recrystallization of dissolved substances
0 these are usually caused by temperature fluctuations. Most
commonly happens with salts or mixtures of salts which contain
some free moisture and on temperature elevations get dissolved
and recrystallize on temperature drop.
b) Deposition of suspended particles
0 When moisture evaporates during drying the dissolved material or

suspended material with the moisture from solid bridges upon
evaporation of moisture.

Adhesion and

1 Adsorption layers (approximately 3-5nm thickness)

o0 Very fine particles attract free atoms and molecules and form an
immobile adsorption layer which cause a strong force high enough
to cause agglomeration.

cohesion
forces 1 Highly viscous binders
0 Highly viscous binders can create an adhesion force at solid-
binder interface and cohesion forces within viscous material which
can cause agglomeration.
Interfacial T Liquid bridges
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and capillar 0 Most commonly developed by capillary condensation. Usuall
pilary p p y
considered as precondition for the formation of solid bridges.
forces
9 Capillary forces at the surface of agglomerates filled with liquid.
q
0 Mostly cause wet agglomeration when the entire pore volume
between patrticles filled with liquid and a concave meniscus formed
at the end of the pore. This phenomenon creates a negative
capillary pressure which provide strength to wet agglomerate.
1 Molecular forces
a) Van der Waals forces
*" e _'Z":-a. ‘“\
: A__ Molecular Forces
| van-der-Waals Forces
N N m.f d'\\.f S
b) Chemical forces
- '1: Valence Forces at
- newly created surfaces
,-f'i} _hq {Recombination Bonding|
e
,I .;:Q
¢) Hydrogen bridges
Attraction e .
e 0> HD. -2 Noavalence Association
forces " et R
. 1 - [ e.g., Hydragen bridges
between solig = . = 9 Datwaen oxygen and
. - H “H :""*-\. hydraxyl radicals
particles A fewm. B
e oo & Association — H interact:
il “OH -0 Q;E with nonbinding electron
= H. - H t%?:t-' pair of oxygen
_'_'.'.'-.-_._."_.','l 0
= OH : b: Water molecules
A intensify essociation
== T 0
_':"-:,nl ¢ H ”C c: Bridging by nonvalence
== ' association of bipolar
;-;.f;] H U’ 0 === H {water) molacules
e B
|
1 Electrostatic forces
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i =N - +
;'_ ',: -{+ q Electrostatic Farces
R Y
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1 Magnetic forces

F‘ " k- 5 . N Magnetic Forces

Interlocking
bonds

For large particles,arious attraction forces aggregate together and lead to agglomeration. The
agglomeration tendency will be extremely hightlve broad particle size distribution where
fine powders fillthe large voidskecrystallzationof solids in a miscible solvent caause the

formation of solid bridges as we(Pietsch, 1997)

Solid particles can form hard agglomerates with trapped solu@&mde, 201Q) This
phenomenon exists in AFD. There are several methods to lessen agglomeration. One is to
control theagitation speed and period. Another approach is to change the composition of the
solvent mixture during the washing step. Much research shows that the degree of agglomeration
is related to the solubility of the API in the residual and wash savéithe solubility of the

solvent is very high, the high quantity of dissolved material deposited during solvent

evaporation leads to agglomeration

Papadakis and Bahu (1998gntioned that interparticle attraction (cohesion and adhesion)
could also play a significant role in agglomeration. Cohesive forces are forces between
particles which can hold them together when they come in contact with each other. Cohesion
can cause caking phenomena when the powder bed is exposed to high teenpectur
humidity. In comparison, adhesion is an interfacial property that holds the surface of the
powder to the surface of another material. These attractive forces depend on the nature of
the material and the process by which the particles come in cowidicieach other.
(Papadakis and Bahu, 1992)

The extent of cohesive forces is different at different stages ofioldepending upon the

quantity of liquid present between the particles. The end product of the crystallization is a
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mixture of solid crystals and solvent. Filtration separates the API crystals from solvent
however typically 120% of residual solvent #tieft in the crystal bed after filtration and
deliquoring(Goh, 2019) Figure 3-2 represents the schematic of different levels of liquid
saturationNewitt and ConwayJones, 1958; Ivesast al, 20QLb; Mitarai and Nori, 2007)

As the isolation process proceeds the saturation levels changes in different states from (a) to
(e) as shown ifrigure 3-2(Goh, 2019) At the end of crystallization, the product is in the

form of a slurry (a). In the slurry state the liquid pressure is greater than air pressure and no
cohesive forces exist between the parti¢igarai and Nori, 2007)After filtration and
draining the sytem is shifted to capillary sta(&oh, 2019) At this stage liquid fills most of

the pores between crystals and forms menisci and the liquid pressure is lower than air
pressure. Cohesive forces arise in this state in result of sbtitarai and Nori, 2007) In

order to remove the solvent by drying the wet material is heated and as solvent is evaporated
the saturation level reduces from funeustate (c) via the pendular state (d) to the dry state
(e). In funicular state there is the coexistence of liquid filled pores and liquid bridges around
contact points and both of these phenomena cause cohesive forces between the particles
(Mitarai and Nori, 2007)On further solvent evaporation the system progesswards
pendular state in which very thin layers of liquid bridges remain located at contact points,
capillary forces act through these bridgésh, 2019)

| @ | % |
| ﬁ |
Figure 3-2 Different levels of liquid saturation (a) Slurry state (b) Capillary state (c) Funicular state (d)
Pendular state (e) Dry sta®litarai and Nori, 2007)

Agglomerates are unwanted for their low dissolution rate, undermining the drug's

bioavailability and causing problems in subsequent processing. In addition, rditéérding
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mechanisms give rise to the forces which keep the particles in agglomerates from moving apart.
For example, capillary forces are dominant for dascosity solvents like water, while
electrostatic and van der Waals forces are insignificant \pheicle size is more significant

t han (Runpfm962)

Scheefer et al. studied how impeller speed and power input are related to agglomeration
(Scheefeet al, 1993) equipment variables, and the size and shape of paf8dhasefer, 1996)

Higher impeller speed ocecause larger agglomerates. He found that curved impeller blades in
the 8L mixer generated ahigh-power input and produced smooth spherical shape
agglomerates; plane blades generated lower power input and irregular agglomerates.
Agglomerate growth was etwvn to be affected by the size of the mixer @nd 50L) because

of differences in the movement of the particles, power input, and product temperature. Different

particle sizes and shapes also affect agglomeréficmeefer, 1996)

Some other agglomeration causes also include the solubility of the main product in the wash
solvent and different properties of the wash solvent, like polarity, surface tension, and viscosity.
When API dissolves in the wash solvent, it creates stickytpthat increase the formation of
solid bridgeqSimurda, 2017)Papageorgioet al. (2016 show that critical moisture content

and wash solvent selection significantly impact agglonmral hey reported that polar solvent
produces harder agglomerates. LikewBegch and Marziano (2013), Zhang and Lamberto
(2014), and Tamrakaat al. (2016)show that agglomeration strength increases by increasing
solvent polarity. Birch and Marziano used different wash solvent comtarsatind showed

that the systems with higher solubility tend to form agglomerates more than those with lower
solubility. The surface tension of wash solvent on agglomeration was investigaegdyod

et al. (2018; high surface tension tends toward a higher risk of agglatioer The degree of
agglomeration depends on the solvent viscoEhyheefer & Mathiesen, 199@nd product
temperatur¢Scheefeet al, 1993) Tamrakaret al. (2016)show that fluids with high viscosity

tend to form agglomerates.

Another critical factor that may cause agglomeration is the interalbétween solid and liquid
particles. Water molecules form hydrogen bonds which cause the attraction of solid particles
toward each otheLim, Hapgood, and Haig (2016sed alcohol washes to show that less polar

solvents have a lesser tendency to form agglomedate$o a reduction in attraction forces.
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3.2.1.20perating conditions

During drying agglomeration can produdsg particles. Large agglomerates amglesirable
becausef their low dissolutionaffectinga drugs bioavailability. Crystal size enlargement is
primarily due tothe contactof wet crystals with othersA collision between two or more
crystalscan caus@ permanent bond depend on variousfactors,includingmorphology and
their mechanical properties (size and shélvesonet al, 2001b) Capillary and viscous forces
can cause liquid bridges between the crysi#teseoridges restrict the movement of crystals.
Scheeferet al, 1993, and_ee, Lin and Lee, 2014howed that plate or needlke crystals
produce agglometas with low strentl. Schaefealso showed thatombiningneedle or plate

like crystalswith sphericakrystalsmakesstrorg agglomerates. The above discussion clarifies
that attrition and agglomeration depend on the drying conditions (temperature, shear rate,
vacuum, moisire content) ad the mechanical properties and morphology of the solid material
(size, shape, hardness). Téiere, developing a fundamental understanding of these two

phenomena isecessary foindustrial dryer design and scale.

Lekhal et alstudied heeffectof different drying conditiondike temperature, agitation speed
drying kinetics and patrticle size distributjandcrystalmorphology. They found that attrition
dominated when the drying rate was low and the shear rate wasvhighagglomeation was

thecontrary.

Lekhalet al. also investigated the effect of agitation speed, drying temperature, and pressure
on L-threonine and potassium chloride (KCL) crystals. They show that an increase in agitation
speed decreases the average diameter of crystals, causing attritiamseTimetemperature
increases the particle size due to fast drying and eztisitzearing, causing agglomeration
(Lekhalet al, 2003, 2004)Similarly,Hsu and Chiou (2011) and Sahni, Bogner, and Chaudhuri
(2013 also demonstrated that increasinginigytemperature causes severe agglomeration.
Sahni, Bogner, and Chaudhuri (2013) and Lim, Hapgood, and Haig (2016) studied the effect
of agitation speed and filled volume on agglomeration. According to their research, increasing
the agitation speedausegarticle size reduces while increasing the fill volume particle size
increases (lump formation) due to fewer collisions between particles and between patrticles and
impeller blades. The duration of applied agitation also affects agglomerdaamltonet al.

(2013 show that continuous agitation @gpts agglomeration by spreading the residual solvent
throughout the bed. Thus, the agitated drying process can be segtifny introducing

alternating stirring periods or without stirring or starting agitation at a certain solvent content.
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Table3-2 summarses the reported effects of different parameters on agglomeration.

Table3-2 Effect ofdifferent operating parameters on agglomeration.

Property

The main effect on agglomeration

Temperature

An increase in temperature promotes the formation of agglomera
by increasing the temperaturthe drying time reducesand the
material experiences less shearjnwhich in turn reduces th
opportunity of agglomerates to bregkim, Hapgood and Haig,
2016)

Pressure

By reducing pressure, theolvent's boiling pait reduces (usuall
requiredto removebound moisture)leading to faster drying an

increasing agglomeration tendentgkhalet al, 2004)

Bed height

The thicker the powder bedhe lower the tendency to for
agglomeratesas thin beds facilitate faster lie@, reducing drying
time, reducing shear, and promotiagglomeratiorn(Lim, Hapgood
and Haig, 2016)

Residual moisture

High moisture content promotes agglomeration duth@éocohesive

behaviour of liquid bridges, which prevents individual particles f

content . _ ,
movingseparatelyfLim, Hapgood and Haig, 2016)
By increasing the agitation, shear forces increassultingin the
o attrition of the particles and agglomerates. Increasing agitation
Agitation

limited effecton reducing agglomeratigfTamrakar, Gunadi, Patric
M Piccione.et al, 2016)

Blowdown period

An extended blowdown period before drying to reduce the in

moisture content is commonly usedminimise agglomeratiorfLim,
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Hapgoodand Haig, 2016)

Some external factorbke condensate drippin@lsoaffect the process of agglomeratiarhe
dripping of condensate is a common phenomethahoccurs in AFD.Condensate dripping
may arise intheinitial drying stagesvhen a large amount of moisture is evaporaaed the
healspace of the dryer becomes saturated withwapdpart from hot surfaces (heated jacket
and impeller)some cold surfaces like tleyer ceiling and spray bars may act as preferential
sites for condensingvaporated solvent vapis, which ultimately dp back to the powder bed.
Lim, Hapgood and Haig (2016)nvestigated the effect of condensate drips by injecting
different colarred dyes in drips at different times during drying. Their investigation reveals
that dip-induced nucleation is not considered duringahitirying periods with high moisture
content It mainly occurs during the latter drying stages when the gdastematerial is

transformed into freflowing particles
3.2.1.3Material properties

Material properties like crystal morphology and size can alsotafggomeration and attrition
phenomena during agitated drying (Lekhal et al., 2003, 2004). Lekhal et al. (2004) showed that
long needle or platéke crystals are more prone to attrition by chipping the edges during
agitation while the small crystals foragglomerates. In their study, Bemrose and Bridgwater
(1987) showed that spherical particles are less vulnerable to attrition. Similarly, Lekhal et al.
(2003) showed that cubic crystals like KCl are more resistant to attrition than long needle shape

crystds.

Crystallisation and wash solvent properties include the solubility of API in solvents, solvent
polarity, surface tension, and viscosity. Papageorgiou et al. (2016) showed that residual
moisture content and wash solvent selection have a more signifigzextt on agglomeration

than different API size distributions (micronised, fine, and granular). They also reported that
polar solvents produce harder agglomerates. Likewise (Birch & Marziano (2013), Tamrakar,
Gunadi, Piccione, & Ramachandran (2016), arwrig & Lamberto (2014) report that
agglomeration strength increases with increasing solvent polarity. Birch and Marziano
employed different combinations of wash solvents to demonstrate that systems with higher

solubility have a higher tendency to form aggkrates than systems with lower solubility. If
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API has any solubility in the residual solvent, then during drying, it creates "sticky" points at
the contacts between particles, increasing the formation of solid bridges (Simurda, 2017). Lim,
Hapgood, & Hag investigated the effect of wash solvent surface tension on agglomeration.
They conclude that high surface tension enhances the risk of agglomeration. Tamrakar et al.

(2016) showed that fluids with high viscosity have a greater tendency to form aggksnerat

Am Ende et al. (2013) and Birch and Marziano (2013) investigated the agglomeration process
in AFDs and suggested different approaches to overcome agglomeration during agitated
drying. They examined the solubility effect of wash solvent on agglomerayi@treening
various wash solvent systems to have the best -solient system with the lowest
agglomeration potential. According to their research, either a blow down period or avoiding
agitation until critical moisture content level passes could helpetiuce agglomeration.
Critical moisture content is the moisture level at which wet powder has the maximum tendency
to form agglomerates. They also suggested uaimgshsolvent, in which the API has low
particle solubility. However, these recommendationuld not be applied to every material as

the minimum achievable moisture content for each material depends upon particle shape, size

distribution, the exposed functional group and the molecular characteristics of the solvent.

Moreover, each material'®pe network structure is different, which plays a significant role in
trapping the solvent within the pores. Therefore, their studies showed that each powder type
led to its own recommendation for agglomeration prevention. More systematic approaches are

required to eliminate agglomeration.

Another factor known to cause agglomeration is the deposition of previously dissolved material
at the contact points between particles when the solvent evaporates on drying. Birch and
Marziano (2013) showed in their intggtion that higher solubility in wash solvent mixtures
leads to agglomeration as the dissolved API can be deposited to form solid bridges between

particles upon drying.

Table3-3 Effect of different material properties on agglomeration

Property The main effect on agglomeration
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Crystal
Morphology and

size

Long needle shape particle prone to attrition instead of agglomer
and if the particle size distribution is wide then there are more ch
to get strong agglomerates as smaller particles fills in the por
between large particle hence causingdhagglomerateqLekhal et
al., 2003, 2004)

Crystallization
and wash solvent

polarity

By increasing solvent polarity agglomerate strength incrg@sesg
and Lamberto, 2014b; Papageorgaiwal, 2016; Tamrakar, Gunad
Patrick M Piccioneet al, 2016)

API Solubility in

residual solvent

API solubility in residual moisture leads to the formation
agdomerates. Higher the solubility harder the agglome(&ieurda,
2017)

Wash solvent

surface tension

High surface tension of wash solvent higher the risk of agglomer
(Lim, Hapgood, and Haig, 2016)

Fluid viscosity

Fluid with high viscosity have a greater tendency to f

agglanerates(Tamrakar, Gunadi, Patrick M Piccioret,al, 2016)

3.2.2Characterization of agglomerates

Agglomeration is a frequently observed phenometiat occurs during drying. Different

factors and processing parameters of filtration, waskingd drying contribute to this process

(Ottoboni, 2018)Therefore, ® minimize/avoid agglomerate formation, understandpagticle

agglomeration dung drying is a fundamental step. Unfortunateiyjted literaturedescribes

generaked methodologiesto determine agglomerates' propertieghardness/brittleness)

However, some techniques have been developandaifying previous method® test the
tablets' hardnes(sedrigure3-3) (Simurda, 2017)
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Figure 3-3 Techniques for characteing the mechanical properties of agglomerates (A) Compression Tester
(Instron) (B) Ring Shear Tester (Faulhaber) (C) Friabilator(Charles Ischi AG).

Sieving is aothercorvenient method to measure the extent of agglomeratiordetetmine
agglomerates' streng(Birch and Marziano, 2013; Papageorgaial, 2016) The initial mass

of the product is placed on a test siemedreduces during a sequence of cycles of siefng
recording the mass loss from the test sieve after each piatteng this againghesieve cycle
Then, using thgpowerlaw curve it is possible to calculate an dgmerate brittleness index
(ABI index). Figure 3-4 shows sieving data and the fitted curve for a model compound

(Simurda, 2017)
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Figure 3-4 ABI calculation of a model compound. (Simurda, 2017)
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3.3 Attrition

A key challenge in manufacturing active pharmaceutical ingredients (APIs) is maintaining the
particle properties during drying, which is the last step of ismiaffiltration, washing, and
drying) which follows crystallizatio(Kemp, 2017) Control of particle properties during
drying is not usually investigated during the early developmental stages and it is challenging o
make comparison with breakage occurring in larger scale equipment in the later stages of
development de to the problemthat arise due to scale ¢pdamsonret al, 2016)or transfer

of the isolation process to a different equipment ttaambertoet al, 2011) The impact of

drying on patrticle properties is less well understood than for crystallization. This is significant
because particle properties modified by drying dterolinked to critical quality attributes, a
particular problem is that particle breakage is not readily contr@daiard W. Condeet al,

2017) This is partly due to thlack of analytical methods to examine and understand the real
time process, and proper scalewn models, which allow drying to be studied on a lab scale
with modest material requirements allowing investigation when API is only available in limited

guantties (Zhang and Lamberto, 2014a)

However,Schliinder and Mollekopf (1984), Forbert and Heimann (1989), and Tsoidas a
Schlunder (19903uccessfully modelled the drying process by using empirical equations and
process parameters. Moreover, interparticle and padailent interactions are now being
calculated with the help of computational models using discreteegiemodels(Kwapinska,
Saage, and Tsotsas, 2006, 200Bgspite these works, the physical process thatirecc
throughout the drying process and the effect on particle properties are still not completely

understoodHamiltonet al, 2011)

In pharmaceutical manufacturing, dryer selection mainly depends upon the characteristics of
the material to be drd (Pakowski and Mujumdar, 2014 Commonly used dryers in
pharmaceutical manufacturing include vertical agitated dryers, conical dryers, and filter dryers,
all of which involve agitation to reduce drying time with the heat supplied througtede
jackets by conductioKemp, 2017) The impeller can induce shear stres$iwmithe material,
leading to the attrition of the particléSoh, 2019) Attrition of the particles in agitated drying
could be either impact breakage due to paHpedicle collision and collision with other
mechanical parts of drye(Am Endeet al, 2013)or shear deformatio(Neil and Bridgwater,

1994)
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3.3.1Particle attrition due to shear deformation

Paramanathan and Bridgter (1983) first introduced an annular shear cell to study particle
attrition due to shear deformation. In the shear cell, the packed bed of particles is forced to slide
under the effect of normal stre@¢eil and Bridgwater, 1994; Hare and Ghadif)13; Hareet

al., 2018) The shear cell is helpful in the investigation of coarse particles under stress.
However, shear cells cannot be used to investigate the attrition of fine particles, which is its

major drawback in pharmaceutical isolat{®apadopoulos, 1998)

The most common method to evaluate partittietian in earlier literature used indices based
on particle shape, size distribution, surface area, and flowafléynrose and Bridgwater,
1987) Gwyn (1969)proposed an equation (Equation 1) with an attrition index based on the

fraction of mass lost with respect to time to describe the attrition of catalysts.

w 0O Equation3-1

Where

W is the fraction of mass lost,

Kpis the attrition constant depending upon the initial size of the particle,
m is also attrition constant, and

tis time.

Neil and Bridgwater (1994used an annular shear cell developedHaramanathan and
Bridgwater (19830 evaluate the Gwyn equation. They used many materials with different
properties and structures and found that the index of t in the Gwyn equation is a material
property and varies less with applied strésswever, the value of Kincreases by increasing
stress. They concluded that applied stress also contributes to particle attrition in addition to
material propertieslgrgensen, Bach, and Jensen (2@0&) showed in their work that particle
attrition increases by increasing normal stré&dsadiri et al. (2000) testeddifferent attrition
models by evaluating the attrition under shear effect on porous silica beads. Their work showed
that the model proposed Beil and Bridgwater (1994)rovided a bedit only for fine debris

due to surface damage. It did not correlate well if attrition results in larger fragments due to
fragmentation(Goh, 2019)
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3.3.2Particle attrition due to impact breakage

Impact breakage in agitated drying is due to interparticle collisions and particle collisions with
the mechanical parts of the dryf@&@oh, 2019) To better understand particle breakage, detailed
information on material propertiesd the mode of applied stress are requiREgpadopoulos,
1998)Mat eri al properties |ike Youngbés mojdul us
are related to crack propagation and elastic and plastic deformation, which leads to the breakage
of the particle(Lawn and Marshall, 1979Pepending upon material propegiand the mode

of applied stress, the particle breakage can then be classified into three distinct types of failure
(Papadopoulos, 1998)

9 Brittle failure
1 Semibrittle failure

9 Ductile failure
3.3.2.1Brittle failure

In brittle failure, the material breaks without plastic deformation. This failure occurs when a
less sharp or rounded indenter is loaded on a flat hard surface or when the area between
contacting particles is large. The cracks in this failure initiateusecaf preexisting flaws. If
pre-existing flaws are not present, the material is strong and can only fail when shear
deformation initiates the crackBapadopoulos, 1998However, if the size, position, and the
number of these flaws are unknown, then the only possible way to evaluate this failure is using
empirical moded (Goh, 2019) The most common empirical approach for this type of failure is
Weibul statistics(Weibull, 1951)which is based on the principle of the weakest link in the
chain or, in general, for particle breakage in solids.

Y p Qona » Equation3-2

Where
S is the probability of breakage f a chai

G is the applied load or stress, amdis the Weibull parameter of the probability distribution
(Vogel and Peukert, 2005)

Vogel and Peukert (2004, 2008&)rther introduce the material parameters to the above
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equation to investigate the effect of material properties in attrition.
3.3.2.2Semi brittle failure

If the material undergoes a limited but measurable plastic deformation before breakage, the
failure is termed a senrbrittle failure. This failure occurs when a sharp or conical indenter is
loaded on a flat hard surface or when the area between contacting particles is small. The cracks
in this failure initiate because of a plastic zone. Suppose the stress is appiesintall
contacting area, for example, at the corner of the particle. In that case, the stress developed due
to collision becomes more significant than the yield stress of the material, which can cause
breakage of the particle. A crack propagates whemlkhagtic zone reaches a critical value
(Papadopoulos, 1998)

3.3.2.3Ductile failure

In ductile failure, the material eventually breaks because of the domination of extensive plastic
flow in the damaged zone. Rupture occurs when the plastic deformation under the contact area
exceeds the particles' physical boundaries. Usuallyhitbekage of metals and soft polymers
occurs due to this type of failure. This failure occurs when a hard material hits the surface of

the soft material at a certain angRapadopoulos, 1998)
333Modebs particle breakage

Modes of particle attrition can be classified as chipping, fragmentation, and disintegration
(Ghadiriet al, 2000; Ghadiri and Zhang, 2002; Zhang and Ghadiri, 2002; Grof, Kohout and
Gt NDp § ne k, etal02017;;Goh20D9JChipping occurs when the fine particles break
from the parent particle due to the impact, while in fragmentation, the particles break into two
or more smaller fraction@damilton, 2011) To analyze attrition, it is messary to identify the
breakage patterrPapadopoulos (199&tudied the change in particle size distribution by
applying different breakage patterns. It has been found that the cumulative distribution of
undersized particles as a function of normalized particles is differenifferetit breakage
modes(Goh, 2019)
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Figure 3-5 Cumulative distribution of undersize particles as a function of normal size particles for chipping, fragmentation,
and disintegratior{Goh, 2019)

Single-particle attrition can either be due to fragmentation or surface wear. As mentioned
above, fragmentation occurs when a particle breaks into several smaller parts due to radial and
median crack propagation that starts from areas of the particlestdegh streséEvans and
Wilshaw, 1977) While wearing is the danga to the surface of the particle due to abrasion or
erosion. Abrasion wear occurs when particles in a system roll or slide over each other. In
contrast, particle collisions cause erosion wear. During wear attrition, the chipping effect
exposes a new stgurface(Shipway and Hutchings, 1993)

3.3.4Parameters affecting particle attrition

In agitated drying, particle attrition occurs when a force is exerted on the particle due to an

impact as a result of the collision with

9 Other patrticles in the dryer

1 Agitator blade

1 Walls of the dryefAm Endeet al, 2013)
Many other factors like material properties, operating parameters equipment configuration also
affect the extent of attrition of the particleswure 3-6 lists various parameters affecting particle

attrition.
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Parameters affecting attrition of particles

Y h

Material properties Operating parameters Equipment

configuration
— Strength = Pressure

Impeller blade
design

. Fill volume

_b
_b

Solvent content in particle bed

Intermittent agitation Continuous agitation

Figure 3-6 Parameters affecting particle attrition

3.3.4.1Material Properties

Lekhalet al. (2003, 2004 studied the effect of two different materials with different crystal
habits, Potassium chloride (KCand L-threonine, and they showed that long neetiaped
crystals of ithreonine are more prone to attrition via breakage than cubical crystals. Moreover,
in the case of compact cubical crystals like KCI, attrition occured mainly by chipping of the
edgeqGhadiri and Zhang, 2002Jhe temperature can also affect the strength of the material
during drying. Ghadiri and Zhang (2002) & Zhang and Ghadiri (208Bpwed that by
increasing the temperature, the frtae toughness of material decreases, increasing the extent
of attrition.
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3.3.4.20perating parameters

Agitation during the initial period of drying cause limited or no attrition due to the presence of
residual solvent forming liquid bridges between the partettisg as a lubricant and reducing
frictional force (Goh, 2019) As the drying proeeds and the moisture content reduces to a
critical moisture level, i.e., 1.6 2 %, then the agitation cause attrition of the particles due to

an increase in the intensity of collisions of the partifleskhalet al, 2003, 2004)However,

by increasing the drying temperature and reducing the pressure, drying time is reduced. When
material dries in @&horter time the duration of exposure to the shearing effect of the impeller
blade is less hence reducing the attrition of the partitlekhal et al, 2003, 2004; lm,
Hapgood and Haig, 2016)

Sahni, Bogner, and Chaudhuri (201r3)estigate the effect of fill volume or bed depth on the
attrition of particles. They showed that lower bed depth or less fill volume increases the number
of collisions between the partislelue to increased exposure of fewer particles to the impeller
blade, which increases particle attrition. Similar results were reportédripyHapgood, and

Haig (2016) Another operating parameter that can cause patrticle attrition is agitation speed.
Increasing adation speed increases the impeller blade's shear effect, increasing particle
attrition (Ivesonet al, 2001; Kougoulos, Chadwick, and Ticehurst, 2011; Sahni, Bogner, and
Chaudhuri, 2013)

3.3.5Models for analyzing attrition of particles

Considerable effort has been made to develop a model tacippedticle breakage involving

the interaction of particles. Broadbent and Gallgot (1956) presented a population balance model
based on the concept of breakage functiBnoadbentet al, 19%5). Subsequently, this model

has been applied to analyze several other attrition processes, such as attrition in shear cells
(Neil and Bridgwater, 1994)

Ghadiri & Zhang (2002) developed a model to evaluate impact attrition due to chipping of
particulate solids based on the indentation fracture mechanism and impact damage. They
developed an attrition propensity parametericiwhelates the breakage extent with material
properties and conditions of impact (Equatio)gGhadiri and Zhang, 2002; Zhang and
Ghadiri, 2002)

E— Equation3-3
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His the attrition propensity parameter,
} is the particle density,

vis the impact velocity,

| is characteristic particle size,

H is the hardness and

K. is the fracture toughness.

Remyet al. (2015)nvestigated the attrition phenomena from acnoscopic point of view,

using a laboratory agitation device to design a workflow procedure to simulate attrition
obtained in larger dryers. In seeking to develop a agalprocedure for agitated dryers, the
main problem is to get the same particle sizdéab scale equipment matching outcomes in
larger industrial dryers. The main cause of this lack of agreement is the extent of attrition and
agglomeration at different scalgsm Endeet al, 2013)

Traditional laboratory drying devices cannot mimic the attrition achieved during process scale
drying. This problem is bieved to be mainly due to the lower stress applied to the particles
due to the different compressive normal stress contributions transferred into the shearing
direction. In laboratory devices, cake height is much lower than in larger dryers: as reported b
the CoulombMohr equation, lower bed heights imply lower shear stress. For the first time,
Lambertoet al.(2011)proposed a laboratory device that mimics the normal pressure obtained

in larger dryers.

, - 7" Qw — Equation3-4
Where,

F is the normal load applied on the particles bed,

Ais the area of the load applied,
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} is the particles bed density,
g is the gravity acceleration and
Vis the volume material applied to get the normal pressure.

Their setup was made up of a small cylinder where particles were maintained under agitation
beneath weights that mimic the comgsive normal stress contribution given by higher beds

in larger dryers. This tool was used to attempt to generate a standardized protocol to define
attrition risk level classification. Other similar devices were then proposed to mimic normal
pressure in@itated drying byConderet al.(2017) Ghadiri and Zhang (2002), and Zhang and
Ghadiri (2002) The torque generated during agitation in the presence of normal pressure was
measured to correlate witheglamount of shear stress applied to particles and to determine a
degree of attrition (Equation$®) (Knight et al, 2001 Dareliugt al, 2007)

T — Equation3-5
Where,
Tt is the average shear stress generated during mixing,
T is the torque,
H is the height of the powder bed, and

Reyi is the radius of the particle bed container.Sara Ottoboni used the approach proposed by
Remy etal. (2015) to design a workflow procedure to sed¢svn agitated dryers to achieve
comparable attrition in laboratcigcale agitation devices as in larger dsy®uring this work,

the evaluation of possible scalp approaches and the design of an analytical procedure to
mimic particle attrition achieved in pilot / largeeale dryers on laboratory scale units were
investigated by considering the normal presg@merated in commercial dryers on the powder

bed (Unpublished work Ottoboni University of Strathcly@@jtoboni, 2013)

Ottoboni analyzed the pmxisting analytical approaches to investigate the comparison of the
final product made in the laboratory drying unit with the large pilot tptingers to get
comparable particle size and PSD. In parallel, two different experimental techniques were
investigated to mimic the attrition achieved during an agitated drying process in large units: a
modified Freeman Technology FT4 cell method usingthrated setup and a bespoke agitation
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cell developed in collaboration with a major pharmaceutical company. The two analytical
approaches were compared using paracetamol as a test compound to evaluate the achievable
final PSD and aspect ratio (AR) variatiasing a series of mixing conditions. In addition, the
material properties gathered with the shear cell method were used to determine yield loci

parameters.

So far, attrition has been addressed empirically, without a complete understanding of the effect
of material properties and loading conditioMacLeod and Muller (2012nvestigated the
attrition of needleshaped particles to study the effect of particle morphology on attrition. They
developed a fracture model to evaluate two different breakage mechkathsmattrition of the

edges of the particles generating small fragments and the fracture of particles into two pieces.

They developed a smadkale test in which they dispersed the particles with pressure, and the
reduction in particle size was taken @axticle fragility. The developed model relates the
maximum stress within a particle with true and bulk density and dimensions of the particle and

the applied pressure.

, oo — — 8 - 8 Equation3-6

Where,

b is the breadth of particle,

h height of particle,

lp length of particle,

b bulk density,

Jttrue density, and

Umax maximum stress developed in a particle.

The above equation shows that by increasing the particle length, the maximum stress developed
in the particle increases, increasing the chance of attrition. However, the maximum stress in

the particle does not correlate with the extent of breakage beeacisgarticle has different
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intrinsic strength. Therefore, other material properties are also required, along with the
dimensions of the patrticle, to predict how much the extent of bredik&gst.eod and Muller,
2012)

3.4 Effect of Drying on Physical properties

The solid form of a pharmaceutical material can significantly influence the drying process
during pharmaceutical manufacturing. Drying i€réical unit operation in pharmaceutical
processing to remove moisture or solvents from the product, ensuring stability, efficacy, and

quality. Different solid forms can impact the drying process in several ways:

Surface Area and Particle SizeThe surfae area exposed to the drying medium (air or hot
gases) plays a crucial role in the drying rate. Finely divided pharmaceutical powders with
smaller particle sizes have a higher surface area and tend to dry more rapidly compared to

larger particles or agggates.

Crystalline vs. Amorphous Forms Crystalline and amorphous forms of pharmaceutical
compounds have different moisture absorption and desorption characteristics. Amorphous
materials are generally more hygroscopic, absorbing moisture from the ensironmore

readily, and may require specific drying conditions to prevent recrystallization during drying.

Polymorphism: Many pharmaceutical compounds exist in different polymorphic forms, each
with distinct physical properties. Different polymorphs canehdiferent water contents, and
their drying rates may vary significantly due to variations in crystal structures and

intermolecular forces.

Hygroscopicity: Some pharmaceutical compounds are highly hygroscopic, meaning they have
a strong affinity for wate Such materials can readily adsorb moisture during processing,

leading to the formation of hydrates or increased drying times.

Drying Temperature: The solid form of the pharmaceutical material can influence the
temperature at which drying occurs. Fostance, some amorphous forms may require lower
drying temperatures to prevent crystallization, while others may require higher temperatures to

achieve sufficient moisture removal.
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Drying Method Selection The choice of drying method can be influencedHhsy golid form
of the pharmaceutical material. For example, fluidized bed dryers or spray drying might be
more suitable for powders, while freeds/ing may be preferred for temperatisensitive

compounds.

Moisture Distribution : The initial distribution ®moisture within the pharmaceutical material
can impact the drying process. If moisture is more concentrated on the surface, drying may

start quickly but slow down as moisture needs to migrate from the interior to the surface.

Stability and Quality: The drying process can affect the stability and quality of the final
pharmaceutical product. Different solid forms may exhibit variations in chemical reactivity,

degradation kinetics, and physical properties, which can influence the overall product stability.

It's crucial for pharmaceutical manufacturers to understand the solid form of their materials and
tailor the drying process accordingly. Proper process design and optimization based on the
specific solid form can ensure efficient drying, maintain produality, and comply with

regulatory requirements. Thorough solid form characterisation and analysis can help
pharmaceutical manufacturers make informed decisions during formulation and processing to

achieve desired drying outcomes.
3.4.1PCM solid forms

Paracetmol exists in five different polymorphic forms denoted as |, II, 1lI, IV, and V. Among
these forms, Form | is the most stable one from a thermodynamic perspective. Form Il, although
not as stable as Form |, is still similar enough in stability to be ewland thoroughly
researched. Forms IV and V, on the other hand, can only be obtained undpresigjire

conditions(Agnewet al, 2016)

Form Ill has been recrystallized under a microscope, but its crystal structure is extremely

unstable, making it challenging to conduct any experimental analysis on it.

Form I, known as the monoclinic form, represents the thermodynamicdblg staucture of

paracetamol. On the contrary, Form II, which has an orthorhombic structure, is considered a
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metastable form at room temperat(ib@ Martino et al, 1997) Form lexhibita herringbone
lattice arrangement, leading to difficulties in compaction and tablet formation. This

complicates the tableting press and can result in problems during the compression of tablets.

Form II, however, has an advantageous crystal structure that improves physical properties like
compressibility and solubility, making it more suitable for tablet producfideng and
Williams, 2006a) Despite this, due to its greater stability at room temperature, Form | is the

more commonly used form in practical applications.

Amorphous

2259

Spontanecusly at
room conditions

a) Spontaneocusly at
room conditions
b} T= 45-88 *C

T=50-85 °C between
cover slips

Form | — Form Il R — Form Il
Ty= T0-125°C a) Te=T0-130°C
b} Removing the cover slip

Quanching Tw=154-160°C Te=140-143 °C Cooling al 53-55°C

between cover shps

Melt

Figure3-7 Paracetamol phase transitions. Tc is the temperature of crystallization, Tm is the temperature of melting, Tg is
the temperature of glass transition, and Ttr is the temperature of polymotmmsition.(Cruz Rocha and Ferreira, 2019)

In this study, Crystalline Form 1 was utilized, and all the samples were subjected to room
temperature drying. The phase transition map indicates that the drying process at room

temperature had no impact on the solid formgréon.
3.5Summary

The chapter focuses on providing a comprehensive overview of the Agitated Filter Dryer
(AFD).The chapter acknowledges two major challenges encountered during agitated drying:
agglomeration and attrition. Agglomeration refers to the &rom of larger particle clusters,

while attrition involves the breakage of particles. The chapter explores various parameters that
impact these phenomena during the agitated drying process and providegpimidiscussion

of previous studies related &mglomeration and attrition, shedding light on the factors that
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contribute to their occurrence.

Agglomeration in AFD can be influenced by several factors, including the design of the
crystallization process, drying operating conditions, properties aofiéisé solvent, shape and

size of the washed crystals, seliguid interactions, presence of impurities and residual
solvent, dripping of condensed solvent from dryer surfaces, and particle size distribution. One
of the main factors contributing to aggloragon is the binding and sticky behavior of particles,
resulting from particlgarticle and particlevall interactions. Cohesion and adhesion
phenomena can lead to agglomerates forming internally and particles sticking to the surfaces
of the drying equipnat, respectively. Agglomeration can occur through various binding
mechanisms, such as solid bridges formed by sintering, chemical reactions, partial melting,
hardening binders, recrystallization of dissolved substances, and deposition of suspended
particles. Interfacial and capillary forces, as well as attraction forces between solid particles
(e.g., van der Waals forces) and interlocking bonds, can also contribute to agglomeration. The
solubility of the main product in the wash solvent and the solvenfeepies, such as polarity,
surface tension, and viscosity, can affect agglomeration. Operating conditions during drying,
including temperature, agitation speed, drying kinetics, pressure, bed height, and residual
moisture content, can influence agglomerat The size and shape of particles also play a role,
with needle or platdike crystals tending to produce weaker agglomerates compared to
combining them with spherical crystals. To mitigate agglomeration, controlling operating
conditions such as agitati speed and temperature, modifying the composition of the wash

solvent, and selecting solvents with lower solubility can be employed.

In pharmaceutical manufacturing, maintaining the particle properties of active pharmaceutical
ingredients (APIs) duringhe drying process is a key challenge. Drying is the final step
following crystallization, but its impact on particle properties is not as well understood
compared to crystallization. The difficulty in making comparisons with lasgale equipment

or whentransferring the process to different equipment, soplessues, and limited availability

of APIs in early developmental stages make it challenging to investigate particle properties
during drying. Empirical equations, process parameters, and computatiotels have been

used to model the drying process and understand pastiblent interactions, but a complete
understanding of the physical process and its effect on particle properties is still lacking.

Particle attrition during drying can occur thréushear deformation or impact breakage. Shear

deformation involves the sliding of particles under normal stress, while impact breakage is
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caused by collisions between particles or between particles and the dryer's mechanical parts.
Particle attrition canesult in different modes of breakage, including chipping, fragmentation,
and disintegration. Factors such as material properties (crystal habits, temperature, fracture
toughness), operating parameters (agitation speed, drying temperature, fill volume), and

equipment

In summary, maintaining particle properties during drying in pharmaceutical manufacturing is

a challenge that requires a better understanding of the drying process and its impact on particle
properties. Studying particle attrition, both due hea deformation and impact breakage, is
crucial for optimizing drying conditions and minimizing undesirable effects on API quality.
Further research and the development of analytical methods andisealenodels are needed

to enhance our understanding pérticle behavior during drying and facilitate process

optimization.
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Chapter 4: Materials and Methodology

This chapter describes the materials being studied and a detailed description of sample

preparation and methodologgvelopment.
4.1 Raw Materials

4.1.1Substrates

Substrates were the base material on which the drop of binding agent (solute/API) and the
solvent solution were added to create a lump, which was then analysed to quantify the granule
formation as a function of solultif of solute/API in the residual solvent, transport mechanism

during drying and investigation of alternative techniques for agglomerates quantification.
4.1.1.1Glass Beads

Glass beads of different sizes, Table 1, from VWR International Limited, were sele@ed as
substrate to investigate the effect of particle size on lump formation and transport mechanism.
Glass beads are commonly used as a model compound for method development in various

scientific research. Here are a few reasons why glass beads are favotinesigurpose:

1 Physical Properties:Glass beads possess certain physical properties that make them
suitable for method development. They are typically spherical, allowing for uniform
packing and flow characteristics. Their size and density can be controlled, providing

versatility in experirental design.

1 Chemical Inertness:Glass beads are chemically inert, meaning they do not react with
most substances. This inertness ensures that the beads do not interfere with the analyte
or the method being developed. It helps to isolate the effectshef tactors under

investigation.

1 Reproducibility: Glass beads are manufactured with high precision, resulting in
consistent size and shape. This uniformity allows for reliable and reproducible results

during method development.
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1 Availability and Cost: Glass beads are readily available from commercial suppliers in
various sizes and quantities. They are relatively inexpensive compared to other

materials, making them a cesffective choice for method development studies.

1 Compatibility: Glass beads are comgadé with a wide range of analytical techniques
and methodologies. Their compatibility allows easy evaluation and optimization across

different applications.

1 Safety. Glass beads are generally safe to handle and use in the laboratory. They do not
pose signitant health or environmental risks, reducing potential hazards during

method development experiments.

Table4-1 List of sizes of glass beads

Glass beads Size (microns)
GB 1 40-70
GB 2 90-150
GB 3 150250
GB 4 300-400
GB 5 400-600
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@ 0 %er°®

CMAC 10kV 9.2mm X60 BSE M

CMAC 10KV & 8mm X50 BSE M
Figure4-1 SEM of Glass beads (a)}40um (b) 96150 um (c) 15@50 um (d) 302100 um (e) 40600 um

4.1.1.2Paracetamol (PCM)

After developing methodology with glass beads to different grades of PCM i.e., Powdered
PCM (purchased from Sigm@ldrich, batch number MKCJ5427nd special granular as
pharmaceutical grade PCM (supplied by Mallinckrodt, Raleigh, N.C., USA, batch number
161713J561) were selected as the substrate. Powdered PCM was then sieved to get the
different size fractions to cover an approximately sinmi#éage of particle sizes as of the glass
beads.
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Paracetamol was selected as a model substrate because:

T Itis a simple molecule with a welinderstood structurd@his makes it easier to study

the interactions of paracetamol with other molecules and wolbgdical systems.

1 Itis a relatively safe drud@-his means that it can be used in research studies without

putting the participants at undue risk.
T Itis widely availableThis makes it easy for researchers to obtain and use.

1 It has beerextensively studiedlhere is a wealth of information available about the
properties and mechanisms of action of paracetamol, which can be used to inform

research studies.

Table4-2 Size analysis of PowdereddaGranular Paracetamol

Material X10 (um) Xso (UM) Xg0 (UM)
Granular PCM 273.91 363.58 462.26
Powder PCM 29.71 100.57 288.76

CMAC 10kY 9.3mm X50 BSE M 1.00mm [ CMAC 10kV 9.4mm X50 BSE M 1.00mm

Figure4-2 SEM of different grades of Paracetamol (a) granular PCM (b) Powdered PCM
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4.1.1.3Spherical agglomerates of Benzoic acid

Spherical agglomerates of benzoic acid (synthesized by Vishal Raval of the University of
Strathclyde during his PhD research) were selected ssbstrate because of their shape
similarity with the glass spheres.

Table4-3 Size analysis of spherical agglomerates (performed with Morphology G3) (Raval et al., 2022)

Material Din,0.17 (Uum) Dpn,0.51 (Um) Din,0.91 (um)
J 6.8 41.79 776.04
N2 6.86 33.91 301.69

N15 7.45 47.55 108.20

i x

1.00mm

i

10KV 9.8mmM X50 BSEM ] " 1.00mm
Figure4-3 SEM of Spherical agglomerates (a) J (b) N2 (c) N15 (Raval et al., 2022)
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4.1.2Solvent
Water and methanol are the most commonly used crystallization solvents because:

1 Solvent Polarity: Both water and methanol are polar solvents. Many compounds,
especially organic molecules, exhibit polar characteristics and are more soluble in polar
solvents. The polarity of water and methanol allows them to dissolve a wide range of

compounds, making €ém versatile crystallization solvents.

1 Solvent Miscibility: Water and methanol are highly miscible with many other solvents,
including each other. This property allows them to be used in various solvent mixtures,
expanding their applicability in crystalion processes.

1 Solvent Availability and Cost: Water is the most abundant and widely available
solvent on Earth. It is inexpensive and easily accessible, making it a convenient choice
for many laboratory applications. Similarly, methanol is a readilyilade and

relatively lowcost solvent.

1 Stability: Both water and methanol are relatively stable solvents under typical
laboratory conditions. They do not readily react with most compounds, ensuring that
the solvent itself does not interfere with the cajistation process or react with the

solute.

1 Temperature Range: Water and methanol have relatively wide liquid temperature
ranges, allowing for crystallization under a variety of temperature conditions. For
example, water is commonly used in cooling crijigetion processes due to its high

heat capacity and the availability of cooling methods.

1 Safety: Water and methanol are considered relatively safe solvents to handle in the
laboratory compared to highly volatile or toxic solvents. Their low toxicity raomd

flammability make them preferable choices in terms of safety.

1 Solvent Properties:Water has a high dielectric constant, which enables it to dissolve
ionic compounds and promote the formation of hydrated crystals. Methanol, on the
other hand, has a lowedielectric constant but still exhibits good solvent properties for

a wide range of organic and inorganic compounds.
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As the aim of this research was to investigate the effect of residual solvent/mother
liquor/crystallization solvent Methanol (purchasednfr VWR (purity 99.9%)) and water
(produced using a Millipore Water Deioniser) were selected as solvents for the experiments

with glass beads as a substrate.

When Paracetamol and spherical agglomerates of benzoic acid were used as a substrate a binary
mixture of nheptane (antsolvent) and ethanol(solvent) was used to reliably control the
guantity of solvent which on evaporation would deposit the dissolved solute material. This
binary mixture was used to achieve a range of concentrations similar to thesedes the

experiments with the glass sphere without dissolving the substrate.
4.1.3Binding agent (solute)

4.1.3.1Carbohydrates

Initially, someexperiments werperformed to determinie capabilityof glass beads to form
lumps. For these experiments, carbohydrates,c t eDsLactogelinonohydrate, crystalline),

and Fructose (D fructose, 99%), purchased from Alfa Aesar (now Thermo Scientific
Chemicals UK), were used. Carbohydrates are generally chemically stable and do not undergo
significant degradation or reactiaduring drying processes. Carbohydrates like lactose and
fructose are readily available and relatively inexpensive compared to other solutes. This
accessibility makes them convenient choices for conducting preliminary experiments and

feasibility studies o drying processes before applying the findings to more complex systems.

Table4-4 Solubility of carbohydrates in water and methanol (Granberg, Ke and Rasmuson, 1999)

Solvent Fructose (g/mL) Lactose (g/mL)
Water 3.750 0.195
Methanol 0.1420 0.0096

4.1.3.2Paracetamol

After developing the required methodology and relevant factors using carbohydrates as a
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solute, with glass beads as substrate, the next set of experimaniserformedusing

MicronizedPCM asa solutesuppliedby MallinckrodtInc., Raleigh, N.C., USA.

Table4-5 Solubility of PCM in water and methanol (Montafi, Olano and Ibafiez, 2007)

Solvent PCM (g/mL)
Water 0.0128
Methanol 0.2978

Micronized PCM (supplied by Mallinckrodt Inc., Raleigh, N.C., USA, batch number
042213E407) was used to prepare solutions
purchased from Sigmaldrich) and nHeptane (purity 99.9%, purchased from Sigfidrich)

for the experiments with PCM as substrat

Table4-6 Solubility of PCM in pure solvents and binary mixtures of heptane and ethanol (Shahid et al., 2021)

Heptane: Ethanol PCM solubility (g/g solvent)
0: 100 0.226
25:75 0.164
50:50 0.086
60:40 0.065
70: 30 0.046
80:20 0.034
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90: 10 0.033

100: 00 0.020

4.1.3.3Benzoic acid

Benzoic acid (purchased from VWR, batch number 20D064128) was used to prepare solutions
which mimic the residual solution remaining at the end of filtration and washing for the
experiments with spherical agglomerates of benzoic acid as substrate. Etitthnéleptane

were used to prepare binary solutions.

The same material was used to perform solubility measurements of benzoic acid in pure

solvents and binary mixtures.
4.1.4DYE

Two dyes,Patentv BlueandOil RedEGN wereselectedo investigateand improve visualization
of the transportmechanism of residual moisture through the bed of substrate during drying,
dependinguiponthe solubility of thedye in different solvents (Patent Blue V in polar solvents

and agueous mixtures and Oil red EGN (&agAldrich) in less polar organic solvents).
4.2 Methodology

4.2.1Sample preparation (lump formation)

An agglomerate or lump was produced with a known concentration and its quantification was

performed to study the effect of residual moisture on agglomeratiorgdinging.

To produce an agglomerate a solution of known concentration in the selected solvents was
prepared to mimic the residual solvent. Then a drop of a known volume of that solution was
added carefully to the top of a bed of glass beads of known mlssha glass sample vial

(25 ml, dia 2 mm). The sample was then placed in a fume hood for a specific period until it
was completely dry. The residual solvent in the dried sample was determined by calculating

loss on drying (LOD). This was done by compgrihe mass of the wet sample with the sample
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placed in a fume hood for 24 hours, so the amount of evaporated solvent could be calculated
from the weight loss over 24 houisiter completedrying, the materialwas characterisety
evaluating the extent anstrength of agglomeratiorkigure 4-4 showsthe experimental
sequence and equipment used.

The sample was
kept open in the
fume hood for the
solvent to evaporate

Top sieve (1mm) contain
agglomerated material
bottom receiver pan consist

of non agglomerated material

After drying sieving
was performed to

" Adrop of 100ul

solution was evaluate the extent of
added to packed agglomeration and
bed of glass beads the agglomerate

brittleness index
(ABI)

Figured-4 Experimental sequence and equipment to create and characterize agglomerates.

4.2.2Characterization of dried samples
4.2.2.1Loss on drying

The wet sample was placed in the fume hood for drying. To determine that the sample is

completdy dried, the loss on drying (LOD) was calculatedraEquation 23.
4.2.2.2Agglomerate brittleness index (ABI) and extent of agglomeration

Birch & Marziano(2013)arbitrarily definedagglomerateasparticleaggregates retaindxy a
1mm sieve. Thextentof agglomeratioms takenasthemassof agglomerategetaineconalmm

sieveover the total sample madsquation 42).

Owo @EDQQN € 6 QI Q¢ Equatiord-1

Birch and Marziano (2013) also developed a qualitative approach for calculating an arbitrary
Agglomerate Brittlenessidex (ABI). In thiswork, thesameapproacthasbeentaken.A 1mm
stainlessteel sievgFigure4-5, Endecott 6s Ltd, London) was
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1mm sizeboundary.

Bottom pan : Imm Sieve

Figure4-5 Sieving Assembly for glass beads.

The sieveswere shakengently for 5-10 secondsby handto minimise the breakageof
particles. Thematerialretainedon thelmm sievewas quantified by weighing and then
shakenon the samesieveusinga Variable Speed Mini Vortex Mixer (Fisherbrafd) at

2800 rpm for 1 minute. The cycle was repeated four times for each sample investigated,
and after every sieving cycle, the masses weradedo Thanasdossof theupperetained
fractionwasrecordedandplottedusingapowerlaw curve. The power of the fitted curve is

then taken as a descriptor of the mechanical properties of the agglomerated material and
indicates the agglomerate britiless. The higher the index, the softer the agglomerates.
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Chapter 5: Quantification of granule formation as a function of

solubility in residual solvents

Thischapter explains the work done to quantify the correlation between the mass of deposited
material and lump formation. To investigate the amount of residual solvent that is needed to
cause lump formation, a model system of glass beads representing they pamtiales was
developed. Paracetamol was dissolved in methanol as the API present in the residual mother
liquor/ wash liquor. It is demonstrated that by reducing the concentration of dissolved material
in the residual mother liquor, the amount of defmkimaterial reduces and decreases the

strength of the resulting agglomerates and the extent of agglomeration.
5.1 Introduction

Drying Active Pharmaceutical Ingredient (API) crystals by removing the residual solvent after
filtration and washing can profoundiffect the isolated powder characteristics. Any product
dissolved in the residual solvent is deposited when the solvent evaporates, some of this
material forms solid bridges between particles leading to agglomeration. Therefore, a set of
experiments was p®rmed to quantify granule formation as a function of solubility in
residual solvents and to confirm the appropriateness of the method. Following these

preliminary experiments, further investigations were carried out with paracetamol.

The main objectivefdhe work presented in this chapter is to quantify the amount of deposited
material that can cause robust lump formation., and this has been addressed using glass
spheres of different sizes as substrate and paracetamol (PCM) solutions of different
concentations to mimic residual mother liquor/wash solvent mixtures. It was demonstrated
that by reducing the concentration of dissolved material in residual mother liquor, the amount
of deposited material reduces, decreasing the strength of agglomeratededief @arying

concentrations on the extent of agglomeration was also investigated.
5.2 Materials and Methodology

5.2.1Materials

Initially, some experiments were performed to determine the capability of glass beads to form
lumps. For these experiments, carbohyarst, L a eD-Lactose mpridhydrate,
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crystalline), and Fructose {(Oructose, 99%), purchased from Alfa Aesar (now Thermo
Scientific Chemicals UK), were used. Methanol (purchased from VWR (purity 99.9%)) and
water (produced using a Millipore Water Dei@riswere selected as solvents based on the
solubility of respective solutes. Two dyes, Patent V Blue and Oil Red EGN were selected, to
help viual observation of the transport mechanism of residual moisture during drying,
depending upon the solubility ofdtdye in different solvents (Patent Blue V in polar solvents

and aqueous mixtures and Oil red EGN (Sigma Aldrich) in less polar organic solvents).

Glass beads (GB1, GB2, GB3, GB4, GB&dtior4.1.1.], from VWR International Limited,

were selected as a substrate to investigate the effect of particle size on lump formation.

After developing the required methodology and relevant factors using carbohydrates as a
solute, experiments were performed using Micronized PCM as a solute supplied by
Mallinckrodt Inc., Raleigh, N.C., USA. The solvent system was the same as for preliminary

investigations.
5.2.2Methodology

A series of fundamental experiments were performed to iigatstthe minimum amount of

solid deposition, which can cause lump formation during drying. First, glass beads were
selected as the substrate to simplify the data analysis. The experiments also enabled the
transport of dissolved material through the beldgdnvestigatedGhapter 6. Then the effect

of decreasing solute concentration on lump formation was investigated. Preliminary
experiments were performed by uginarbohydratedo test the methodology, and then
subsequently, API (Paracetamol) was used as a solute to prepare a realistic residual solution

as moisture in the wet filter cake.
Sample Prepration and characterization
Sample was prepared and charactenite the methodology explained $ection4.2.1

Table5-1 shows the parameters and their corresponding ranges selected for different sets of

experiments during this work.
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Table5-1 Summary oExperimens performed for Chapter 5

No of Exp _ Substrate
Exp No. o Substrate | Solvent | Solute/Binder
samples description mass (g)
preliminary GB1,
) Water
experiment GB2,
1 10 _ and Fructose
with Fructose | GB3,GB4,
_ Methanol
as a binder GB5
preliminary GB1,
) Water
experiment GB2,
2 10 _ and Sucrose
with Lactoses ¢ GB3,GB4,
_ Methanol
binder GB5
Decreasing Water
3 10 concetration of GB2 and Lactose
Lactose Methanol
DOE
experiments 10
for screening GB2,
4 12 Water Lactose
of factors GB3,GB4
effecting
agglomeration
Preliminary
_ GB1,
experiment Water
_ GB2,
5 10 with and Paracetamol
GB3,GB4,
Paracetamol a Methanol
_ GB5
binder
GB1,
Water
0.01 g/ml PCM GB2,
6 10 _ and Paracetamol
with dye GB3,GB4,
Methanol
GB5
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GB1,

Water
0.0075 g/ml GB2,
7 10 _ and Paracetamol
PCM with dye | GB3,GB4,
Methanol
GB5
GB1,
Water
0.005 g/ml GB2,
8 10 _ and Paracetamol
PCM with dye | GB3,GB4,
Methanol
GB5
GB1,
Water
0.0025 g/mi GB2,
9 10 _ and Paracetamol
PCM with dye | GB3,GB4,
Methanol
GB5
GB1,
Water
0.01 g/mlPCM| GB2,
10 10 _ and Paracetamol
without dye | GB3,GB4,
Methanol
GB5
GB1,
0.0075 g/ml Water
_ GB2,
11 10 PCM without and Paracetamol
GB3,GB4,
dye Methanol
GB5
GB1,
0.005 g/ml Water
_ GB2,
12 10 PCM without and Paracetamol
GB3,GB4,
dye Methanol
GB5
GB1,
0.0025 g/ml Water
_ GB2,
13 10 PCM without and Paracetamol
GB3,GBA4,
dye Methanol
GB5
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Experiment
was performed
to check the
role of blue
dye in
agglomeration.
Samples were

prepared by GB1,

adding a GB2,
14 20 _ Methanol Blue dye
solution of blue| GB3,GB4,
dye in GB5
methanol.

Dilution factor
of 10%,100%,
and 1000%
was also
applied to

solution.

5.2.2.1Design of experiment

A multivariate design of experiments approach was usegptinize the experiments by
investigating the effects of different parameters on the extent of agglomeration and the ABI
Index. MODDE Pro V11.0.1, developed by MKS UmetrigddODDE® - Design of

Experiments Software | Sartorjusvas selected as a design of experiment software.

Design of experiments (DOE) is a systematic, efficient method to study the relationship
between multiple input variables (factors) and key output variables (responses). This
structured approach enables the user to determine whether a factor, or a calfdatitors,

has an effect on the response; to determine whether factors interact in their effect on that
response. It also enables the user to model the behaviour of a given response as a function of
the factors and so to adjust the parameters to optitmzeesponse.

MODDE is designed to plan, execute, and analyze experiments efficiently. It tdldesign

experiments, collect data, and perform statistical analyses to identify critical process
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parameters, optimize conditions, and make informed decisions based on the results. MODDE
provides tools for creating experimental designs, generatingisttinodels, and visualizing

data trends. It is often used in research, development, and manufacturing environments to
improve processes, reduce costs, and enhance product quality by systematically exploring the

effects of various factors and their intetians.

This methodology simultaneoughansexperiments while varying relevant factors over a set

of experiments to extract the maximum amount of information from the collected data in the
presence of noise. It connects the results using a mathematidal which is then used for
interpretation, predictions, amgtimization The objectives are to determine how the factors
influence the responses and determine the best values of the variables to achieve optimal
conditions to obtain the best performantéhe process. The software MOODE was used to

create a design of experiments.

The screening was the first step of the investigation. The objective of screening was to identify
the essential factoréin essentiafactor is a factor that causes substanti@nges (effects) in

the response when it is variggimple models, like linear models, are used during screening.
Factors with the most significant results are chosen to run the fewest possible experiments to
determine the overall response. After scregnamgnvestigation is carried out to approximate

the responses by a model to understand how the factors influence the re<pptisezation

aims to compare the responses by a mathematical model and find the best conditions.
Robustness tests are then useelvaluate whether a process performs satisfactorily even when

some influential factors vary.

The main aim of using the DOE approach in this work was to identify the parameters that
significantly affect the extent of agglomeration and the ABI index. apmoach provided a

basis to develop a methodology for the quantification of agglomerate formation.
5.3 Results and discussion

5.3.1Experiments for Method Development

Preliminary experiments were performed to develop a methodology for the estimation of the
minimum amount of dissolved material present in residual moisture, which can cause lump
formation during drying, and check the lump's robustrfiessed by the glassbeadsheld
togetherby the deposited carbohydratésft behind wherthe solventwasevaporatedTable
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5-2 summarizeghe equipmentsetupandthe procedure for these preliminary experiments.

The experimentsvere repeated three times atite errorbarswere calculated by standard

deviationfor all experiments

Table5-2 Summary of parameters and procedure for experiments performed for rdetlreldpment.

EXxp.

Water as ¢

solvent (5mL)

beads, and thesample
wasleft todry in a fume

hoodfor three days.

N No of samples Material Procedure Images
0.
Fructose as a
binder (2.5 g fo
water and0.71g Ten grams of glas
for methanol) | beadswere addedo the
10samples preweighedials. Then
Glassbeads 100pL of the solution
1 5 for fructose/water syste (GB1 Gao| Was addedas one drof
5 for Fructose/Methan( GB3, GB4, GB5] Using an  Eppendo
system pipette to dispense ti
solution onto the glag
beads, and thesample
Solvents (5mL)
was left for drying in a
Methanol Watern fumehoodfor 24hours
Lactoseasbinder| 1€N grams  of glas
(0.9 g) beadswere addedb the
preweighedials. Then
10 samples Glassbeads 250uL  solution was
dispensedas one drop
5 for Lactose/water syste (GB1, GB2, .
2 using an Eppendo
GB3, GB4,GB5)| .
5 for Lactose/Methan( pipette to add th
system solution to the glasg
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Fructose has higher solubility in methanol than Lactdsdle5-2) but the issue encountered
with fructose was the formation of deformable lumps (fructose bridges are more deformable

than those formed with Lactose) as showhRigure5-1 (b), Figure5-2 (b), andFigure5-3 (b).

Figure 5-3 Lactose/water system (a) sample after manual tapping (b) sample after four c\sitasngj.

For both lactose/water and fructose/methanol samples, the extent of agglomeration increases
by increasing the particle sizdsigure5-4 andFigure5-5), as smaller particles have higher
surface area per unit volume and show high resistance to fluid(Kae, Guo and Chen,

2020) Thus, the added fluid drop for larger glass spheres can wet a larger volume in the
powder bed, forming larger agglomerates. While for the fructose/water system, the extent of
agglomeration showed inconsistent results. The extent of agglomdratieased from GB1

to GB3, then decreased for GB4 and then increased for BB&r€5-5).
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Figure 5-5 Extent of agglomeration for Lactose/water and Fructose/water solutions with glass bead

As mentoned insectiond.2.2.2 higher values of the ABI index indicate soft agglomerates. As
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the particle size increases, agglomerates become more fragile for the/lsates system as

they have a high ABI index valu&ifure 5-6). Particle size is an important property which
significantly affects thdéehaviorof granular material. For smaller particles (diameter of 100
pm), interparticle forces are higher, thus madsitheir nature more cohesiy®eville, Willett

and Knght, 2000) Moreover Fenget al.(2020)in their work show that by increasing particle
size void fraction decreases but the addition of wetting liquid increases the void fraction. The
effect ofliquid is more evident for smaller particles. They also reported that the capillary forces
overcome gravitational forces for small particles, making the void impact more obvious. This
explains that the number of liquid bridges per unit volume is morenfiatl than big particles.

If these liquid bridges contain any dissolved material, their deposition leads to the formation
of solid bridges upon dryinfPopferet al, 2013) Therefore, it is inferred that an increase in
particle size leads to the formation of more fragile lumps by reducing the number of solid

bridges between the particles, as showhigure5-6 for the lactose/water system.

0.6000

0.5500
0.5000 Fructose/water

—a— Lactose/water

0.4500
0.4000
0.3500
0.3000
0.2500
0.2000
0.1500
0.1000
0.0500 . B
0.0000

ABI Index

40-70 90-150 150-250 300-400 400-600

Bead size (um)

Figure 5-6 ABI index for Lactose/water and Fructose/water solutions with glass beads.

The fructose/methanol system showed inconsistent results for the ABI iRidexe5-4). In
the fructose/water system, the agglomerates showed a very low value of the ABFigdes (
5-6) because of the viscid nature oétlumps, which deformed instead of breakiRmygre5-1
andFigure5-2).
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5.3.1.1Lactose decreasing concentration experiments

Fructose was eliminated from the subsequent investigations due to soft deformable inter
particlecrystalbridges.Lactosewasusedas thebridgingagentrepresenting ARh the nextset

of experimentgo investigate the effect of minimum and maximum concentration of bridging
agent on lump formation and strength. The maximum amount was calculated to prepare
saturated solutions using solubility data of loset in both solventd @ble4-4). The drop and

bead sizes were kept constant for these experiments. The summary of experimental parameters

is shown inTable5-3.

Table5-3 Summary of parameters of lactose decreasing concentretiperiments.

Beadssize Substrate Solutemass Drop
Solute Solvent volume
(€m) mass (g) (9)
(el)
0.897
0.620
Water
0.347
(100 ml)
0.156
90-150 Lactose 10 100
0.0052
0.0041
Methanol
0.0028
(100 ml)
0.0010

The lactose/methanol system generated very brittle agglomerates, breaking after 1 to 2 sieving
cycles with decreasing lactose concentration in methanglife 5-7). This was because the
solubility of lactose is very low in methanol, andlassolubility decreaseshetendencyof the
bindingagent to form bridges between the particles decreases because of less dissolved material
in a solventAm Endeet al, 2013; Birch and Marziano, 2013)he results for the lactose/water
system were the same by decreasing the concentration of lactose, the value of the ABI index
increases, indicating that the lumps became fragile by decreasing concentration. The extent of

agglomeration increases for both solvents as the concentration of lactose decreases. This can
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be explained by decreasing the concentration of lactose, and tlusityisof the solution
decreasefHidayanto, Tanabe and Kawai, 2018} the viscosity of theolution decreases, it
diffuses to a greater extent leading to larger agglomerasdsde 5-4 summarizeghe results
for the ABI index and Extent of agglomeration.

Figure 5-7 Lactose/Methanol system (a) sample after manual tapping (b) sample after two cgaemgt

Table5-4 ABI index and extent of agglomeration for Lactose decreasing concentration experiments

Lactose Extent of
Solvent ABI index
concentration (g) agglomeration
0.8970 0.2310 0.0831
0.6200 0.3660 0.1104
Water 0.3470 0.2170 0.1706
0.1560 0.9279 0.1607
0.0052 1.398 0.1478
0.0041 - 0.0231
Methanol 0.0028 - 0.1116
0.0010 - 0.0372

*[Note, the characteristics of the methanol wet samples meant that no ABI index could be obtained for these
samples]

5.3.1.2Lactose DOE Experiments

In previous sections, various parameters have been investigated to develop a methodology for
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the quantification of lump formation during drying. To screen the parameters that significantly
contribute to lump formation DOE approach was used as describedtion5.2.2.1 The aim

was to identify which parameters are more influentialfamoring lump formation and
determine their appropriate range9, b 3-level designusingalinearmodelandthreecenter
points,wasselected for the DOH.able5-5 andTable5-6 summarizesill the factors with their
selected ranges and responses for the DOE expetsmWater was used as the only solvent

for this set of experiments as the lactose/methanol system could not produce robust

agglomerates.

Table5-5 Factors and responses of DOE for Lactose concentration

Factors
o Ranges
(Abbreviation)
Lactose _
) 0.1-0.9(g in 100mL of solvent)
concentratiorflac)
Volume of solution 1007 250
(dro) (ML)
Particlesize(par) 90-150,150-250,300-400 (um)
Responses
(abbreviation)

Extentof agglomeration
(ext)

ABI index(ABI)

Table5-6 Summary of Parameters of DOE experiments

Exp Lactose Solution Particle % ABI
Exp No concenteration Size . ,
Name volume (ul) agglomeration | index
(g/ml) (um)
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1 N1 0.1 100 90-150 0.310259 | 0.344
2 N2 0.1 175 150250 0.312979 | 0.285
3 N3 0.1 250 300-400 0.264507 | 0.328
4 N4 0.5 100 150250 0.322971 0.15
5 N5 0.5 175 300-400 0.234767 | 0.202
6 N6 0.5 250 90-150 0.365171 | 0.333
7 N7 0.9 100 300-400 0.165113 | 0.631
8 N8 0.9 175 90-150 0.271557 | 0.266
9 N9 0.9 250 150250 0.264612 | 0.199
10 N10 0.5 175 90-150 0.240504 | 0.203
11 N11 0.5 175 90-150 0.234324 | 0.201
12 N12 0.5 175 90-150 0.211192 | 0.251

ABI index (Extended)

DOE L+W (MLR)

Coefficients (scaled and centered) - ABI index (Extended)
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Figure 5-8 DOE factors affect plots on ABI index?(R0.59)

117

par(300-400) |

AODDE 12.1 - 27/08/2022 11:40:25 PM (UTC+1)




DOE L+W (MLR)

0.1 Coefficients (scaled and centered) - extent of agglomeration (Extended)

0.05

-0.05 —_— —

.

©

224
1

extent of agglomeration (Extended)
o
1 1 1 1 L 1

-0.15

lac
dro -

par(90-150)
par(150-250)
par(300-400) -
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Lactose concentration and drop size are the most significant parameters which affect the ABI
index Figure5-8). In contrast, for the extent of agglomeration, the most important factors are
particle size and lactose concentratidfig@re 5-9). The results for this experiment set
correspond with the results in previous sections. By increasing lactose concentrations, the ABI
index value decreases, and the extent of agglomeration value decreases, thus indicating the
formation of smdland hard agglomerates. Bigger drop sizes lead to the formation of softer and
large agglomerates as the ABI index value increases by increasing drop size, which is not in
accordance with the expected results. Adding a bigger drop would be expecteddsertbe
amount of available binding agent within the cake, which would be expected to ultimately
increase the number of solid bridges leading to hard agglomerates. However, the results counter
this hypothesisFigure5-10 andFigure5-11 summarizeresults for the ABI index and extent

of agglomeratn.

This DOE approach concludes that solute concentration and particle size have a significant role
in the agglomerate formation. In the next section, the effect of using actual API in place of the

glass spheres was investigated using the methodologlogedeby lactose.
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Figure 5-11 Response contour plot for the extent of agglomeration.

5.3.2 Experiments with API

The methodology developed in the previous section by using carbohydrates to quantify the

role of residual moisture on agglomeration was then used to investigate the effEttasf &
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binding agent with glass beads as the substrate. Paracetamol (PCM) was used as the dissolved
compound forming bridges between the glaghereso evaluatethe impact of solution
compositionon agglomeratestrength.Different sets of experiments were conducted to
evaluate the propensity of the glass beads to form lumps, to investigate the transport of PCM
and dye within the lumps and to detect the effect of decreasing the amount of solvent (drop

size) and PCM concedttion in solution.

Preliminary experiments were performed to check the robustness of the lumps of PCM formed
with both solventsAfter checkingthe robustnes®f the lumps,the next set of experiments

was conducted to investigatee effect of decreasinghe concentration of PCM on lump
formation whilst keeping the amount of solvent constahtt he experiments this section

were repeated three times and the dvevswere calculated by standard deviation.
5.3.2.1Preliminary experiments

The experiments witharbohydrates allowed the experimental technique to be developed and
tested. The next step was to investigate the effect of using an APIl. PCM was selected as the
bridging agent with the aim of gathering data by mimicking the actual situation in
pharmaceutial manufacturing. A preliminary test was made to verify the capability of PCM

to generate bridges between particles (lump formation). PCM solution with water and
methanol was prepared by adding 1 g of PCM to 100 mL of solvent, i.e., 0.01 g/ml.

The main djective was to determine the minimum quantitgfstallizableresidue required

per particle to form a lump. In a typicatystallizationprocess using 10 mL of solvent per
gram of product and achieving a 90% recovery, the API concentration in the ripaloer
would be 0.01 g/mL. To prevent agglomeration on drying by this mechanism, we would need
to remove at least 90 (Goh, 2019)of the dissolved material during washing, leaving the
material wet is predominantly a n@olvent solution to stand a remsble chance of drying

the crystalline product without forming robust agglomerates. This is potentially achievable

using washing.
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Figure 5-12 Extent of agglomeration and ABI index for PCM/water system.

Extent of agglomeratiodependsupon the amount of solution added. The size of the lump

formed was in accordance with the amount of solution added as explasextion5.3.3
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Figure 5-13 Extent of agglomeration and ABI index for PCM/Methanol system.

Results for preliminary experiments witnethanol were in accordance with the results in
previous sections that by increasing the particle size, the agglomerates become large and soft
(Figure5-13). For water ABI index shows the same results the bigger the particle size, the
softer the lump. However, the results for the extent of agglomeration for the water/PCM
system controvert thosebtained using methanol as solvent. For the water/PCM system, the
extent of agglomeration decreases with an increase in particld-gjpee5-12). This can be

linked with the wettability of water with glass beads and PCM (investigated in chapter 4).
5.3.2.2PCM decreasing concentration experiments

After the preliminary experimentsa subsequenset of experimentswas performedto
investigatethe effect of deaeasingPCM concentration (0.01g/mL 0.0025g/mL) on lump

formation.
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Figure 5-15 ABI index and Extent of agglomeration for decreasing concentration of PCM/methanol system

The decreasingoncentration of PCM in water shows the same results as in preliminary
experiments that by increasing particle size, the extent of agglomeration decreases. For the ABI
index, no robust lumps were formed at PCM concentrations below 0.05 g/mL and as the
solubility of PCM is very low in the water. Further reducing the PCM concentration, there was
not enough dissolved material available for solid bridging between particles. However, further
investigation for quantification of granule formation as a functiosabdibility of API in the
residual solvent system was performed with methanol because of the contradictory results
obtained using water to determine the extent of agglomeration. Moreover, the visual

observations of moisture transfer for the PCM/water sysliffiered from the PCM/Methanol
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system Figure6-3), which was further investigate@apter 6.

FromFigure5-15, it is possible to observe the effect of solute concentration on the ABI index.
By decreasinghe PCM concentrationthe agglomerates become more fragile as ABI values
increase. This is corsent with the hypothesis that the amaefmhaterialrequiredor bridging
becamansufficientto hold the particlestogetherin the lump. However, the decrease in the
extent of agglomeration, which occurred by decreasing the API concentration, was
unpre@dented based on the observed behaviour with decreasing concentration of lactose
(section5.3.1.1and5.3.1.9. Moreover, no lumps robust enough to determine an ABI were

formed at the lowest concentration investigated, 0.0005g PCM/mL solution.

5.3.2.3Experiments without dye

After investigating the effect of decreasing concentration, another factor was investigated, and
that was the role of dye in agglomerate formation. For this, solutions of PCM decreasing
concentration with methanol were prepared without adding dye. Dyaddasl before to help

visual observation of transport of residual moistiweughouthe cake during drying.
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Figure 5-16 Comparison of ABI index for decreasing amount of PCM with Methanol with and without dye
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Figure 5-17 Comparison of Extent of agglomeration for decreasing amount of PCM with Methanol with and without dye

The comparison of with and with dye experiment res{iftgure5-16 andFigure5-17) show

that the ABI index and extent of agglomeration for both, i.e. with and without dye, almost
follow the same trend. Therefore, it is presumed that dye, which was addesbadize
moistue movement through the cake during drying, did not affect agglomeration. Finally,
experiments were performed using a dye solution without the dissolved API to investigate

whether the dye dissolved in the solvent can affect agglomeration.

The solution wagprepared for this set of experiments by adding 0.05 g dye into the solvent
(Methanol). No PCM waaddedo thesolution.Experimentswith diluteddye solutionsup to
10%,100%and1000%werealsoperformed.Table5-7 shows thalilution factor andhe results

of the experiments which shows that dye had not a significant role in agglomerate formation
as mosbf the lump formed were fragile enough to break during first or second cycle of sieving

and even during manual tapping.
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Table5-7 Parameters and results of die dilution experiments

Beadsize(um) Dilution factor Results
Lump-formedbreaks aftethefirst cycle of
40-70 o
sieving
Lump-formedbreaks aftethefirst cycle of
90-150
sieving
Lump-formedbreaks aftethefirst cycle of
150-250 o
sieving
0 Lump-formedbreaks aftethefirst cycle of
300-400 o
sieving
400-600 No lump formed
40-70 Lump-formedbreaksaftermanual tapping
90-150 Lump-formedbreaksaftermanual tapping
150-250 No lump formed
300-400 No lump formed
10
400-600 No lump formed
40-70 Lump-formedbreaksaftermanualtapping
90-150 No lump formed
150250 Lump-formedbreaksaftermanualtapping
300400 No lump formed
100
400600 No lump formed
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40-70 Lump-formedbreaksaftermanualtapping
90-150 Lump-formedbreaksaftermanualtapping
150-250 No lump formed
300400 No lump formed
1000
400-600 No lump formed

5.3.3 Filling fraction calculation

The goal was to determine the minimum amount of material needed to hold these spheres
together. To determine the minimum amouninaiterial needed to form intgarticle bridges
capable of holding the spheres together, the amount of PCM deposited on a single sphere was

then estimated by calculating both void volume and filling fraction.

Thevolumeof anagglomeratedump is estimatedusingits massandthe densityof the glass
spheres and is then multiplied by 36/64, a typical sphere packing factor, to determine the void
volume of the lump. To calculatethe fraction ofthis volume occupiedby the addeddrop of
solution(thefilling fraction),thevolumeof thedropis divided by thevoid volume.Thefilling
fraction is the proportion of the empty space in the powder, which is occupied by the liquid
drop used to form the agglomerate.

The number of spheres in the lump when determined: the lump volume divided by the
volume of a single sphere. It was then possible to establish the mass of paracetamol per sphere:
the number of spheres in the lump divided by the mass of paracetamol in a dropasehe
paracetamolasthenplottedagainsthemassof asinglesphereusingthedata gathered for the

different bead sizes and against the size of the beads.
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Figure 5-19 Mass of Paracetamol per sphere against the size of the beads
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The graph inFigure 5-19 indicates that for a solution of 1 g PCM / 100mL, the mass of
paracetamol deposited per sphere is 0.0004 times the mass of a single sphere. Based on a
solution concentratioaf 0.01gPCM/mL,thisis equivalento sayingthatthe solutionmasser

sphere is 0.04 times the mass of a single sphere. If the density of the paracetamol solution in
methanokolutionis estimatedo be 0.8 g/mL andthe densityof the glassspheress 2.5 g/mL,

the liquid volume ratio would be 0.08 to 1, leading to 0.1 mL of solution forming a 1.35 cm
agglomerate. This value is consistent with the size of the agglomerates created, as shown in
Figure5-20.

(T
3

Figure 5-20 Glass Bead Agglomerate

Presuminghedensespackingof uniform sphereseachspherenasl2 contactsandwill have a

50 percent share in eabhidge of material. Thus, the mass of an individual bridge may be
estimatecht 0.0004/6(i.e., 6.667E5) timesthe spheremass However,the glassspheresised
during this project have slight variations in diameter and may not pack quite efficiently.
Nevertheless, this is a starting point to reflect on the dagaire 5-19 showsthe massof
paracetamoplottedagainstthe size of the beadsThis showshow little material is needed to

stick particles together, hence the widespread problem of lump formation drying.
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5.4 Conclusion

Theinvestigation results in this work indicate that agglomeration is not only affected by the

amount of dissolved material in the residual solvent but also by particle size

Agglomeration and Particle Size: The investigation found that particle size plays a
significant role in agglomeration. An increase in particle size can lead to larger agglomerates.
However, larger agglomerates are more fragile because they have fewer solid bridges between

particles compared to smaller particles.

Inter -Particle and Capillary Forces: Smaller particles tend to form hard agglomerates
because inteparticle and capillary forces are more dominant for them. These forces create

strong bonds between patrticles, resulting in smaller and more robust agglomerates.

Effect of Concentration: Agglomerate formation is influenced by the concentration of
dissolved materigPCM) in the solvent. HighePCM and lactoseoncentrations can lead to

more robust agglomerates as there is more dissolved material available to form solid bridges
as the slvent evaporates during drying. On the other hand, reducing@Meconcentration

can lead to the formation of large agglomerates, especially when the viscosity of the solution
decreases due to a decrease in solute concentrblilovever,thereis also evidencethat
agglomerate becoméarger by increasing the concentratamin the case of lactase

The resulindicating the minimum mass of paracetamol ¢.@025 g/ml) needed to form an
agglomerate is valuable information to support the design of filterwakling processes to

avoidagglomeratia.
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Chapter 6: Transport of residual moisture during drying

This chapter explains the investigation of moisture trangpoough wet cake during static
drying. For this work, a model system of glass beads was selected. The main aim of this work
was to investigate the effect of the transport of residual moisture on agglomeration. Transport
of different solvent systems (watand methanol) wasxplored with PCM and blue dye (for
visual observation). The results illustrate that for the methanol/PCM system, the dye and the
PCM show similar transpoliehavioursand remain confined in agglomerate contrastthe
water/PCM systershows contradictory results. Due to this obverse behatie effect of the

water system with different solute Potassium hydrogen L tartrate -(PHid solvent
compositions (methanatater) was studied. Moreover, the wetting behawbwater with

PCM ard glass beads was explored.
6.1 Aims and Objectives

The main objective of this work was to analyse the interaction and transport of the residual
moisture with API during drying. The work was done to investigate the transport of dissolved
API along with a dyewhich was added for visual tracking, and their role in the agglomerate
formation. The effect of various solvent compositions and the wetting behaviour of solvents
with APl and glass beads were also studied. The particle surface of glass beads, the wetting
behaviour of glass beads, and both solute and solvent effect on moisture transport during drying

were explored.
6.2 Materials and Methodology
6.2.1Materials

Materials were the same as described in se&i@rl The concentration of PCM and dye in
each sieved fraction and the residual lump was measured usingprbggure liquid
chromatography (HPLC) and Ultravioleisible (UV-VIS) spectroscopy. Teh eluents for
HPLC were water (Ultrapure, HPLC Grade, purchased from Alfa Aesar UK) and methanol
(ultrapure, HPLC grade, purity > 99.8%, purchased from Alfa Aesar UK). Labomgitadge
water was also used to wash the sieved fractions and residual lumgp&wgothe sample for
HPLC and U\WVis analysis.

For investigating the wetting effect relative to the transport mechanism, another solute in
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addition to PCM, Potassium hydrogen L tartrate (RHLwas selected. The potassium
hydrogen L tartrate grade seledtwas chosen to have a similar particle size distribution

compared to powdered PCM, as showit atle6-1.

Table6-1 Particle size distribution of PCM and RHL

Material Xs0 (UM) SMD (um) Molecular structure

N

Paracetamol 64.03 46.35 /©/ Y
0
HO
OH O
Potassium hydroger HO :

L tartrate 57 41 : OK

O OH

*SMD: The Sauter mean diameter (SMB)defined ashe diameter of a sphere that has the same
volume/surface area ratio as a partmiénterest.

*X sorefer to the particle size at which 50% of the particles are smaller and 50% are larger. It's a metric
used to describe the distribution of particle sizes in a sample.

6.2.2Methodology

The sample preparation methodology was the same42.th HPLC and UV Vis analysis

was performed to evaluate the concentration of PCM and dye in sieved fractions, residual
lumps and noragglomerated beads to investigate the relative transpo@Mdfd&hd dye with
residual solvent. After observing the unexpected wettability behavioratér (Figure 6-3,

Figure 6-4, and Figure 6-5), a set of experiments were performed using different sblve
mixture compositions of water with methanol and different dissolved solutes. Finally, the

wetting behavior of API and dye with water was investigated using the Washburn method.

6.2.2.1High-pressure liquid chromatography (HPLC)

HPLC is an analysis technique wh separates and detects different substances mixed in a
solution. (Karger, 1997)(Karger, 1997)(Karger, 1997)(Karger, 1@0&iger, 1997(Laux,
2019. The quantity of PCM in each sieved fraction and in the residual lump after sieving was

determined using an Agilent 1260 Intinil system containing a diode array detector was.used

The column used was an Agilent Poroshell 126 EC8 4. 6 x 100mm 4em ope
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with a 1mL/min flow rate. The injection voll
243 and 230.5 nm, and tmeobile phase was 80:20 water and methanol, respectivhéy.

sample preparation for HPLC analysis is explained in se6t@2
6.2.2.2Ultraviolet-VIS spectroscopy

Patent V Blue dye was used to visualize solvent transport through the powder bed during
drying. The amount of dye in each fraction was measured using the shutienssamples

prepared for HPLC. The wavelength for quantifying the blue dye was fixed at 633 nm,
corresponding to the absorbance curve's peak. Based on a simple calieraticnh s amp | e 0
absorbance was then used to calculate the relative amount ofhdydilution factor was

multiplied by the absorbance, and that result was divided by the miesgtdiss spheres.
6.2.2.3Washburn method

Washburn1921)developed a technique to measure porous material's contact angle and surface
energy by penetrating liquid into the solid material. The most common setup for Washburn
capillary rise method is to use a glass tabetaining filtration frit or any other porous media

at the bottom, filled with the material of which the contact angle is to be medbigeck6-1).

This tube is ten immersed in the test liquid. The penetration of the fluid into the solid is due

to capillary rise.
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Figure6-1 Simplified setup for Washburn capillary rise metfigeénget al, 2017)

The contat angle of glass beads with a saturated aqueous solution with solutes was measured
using the Washburn technique. Approximately 5 g of glass beads were added to a 5ml
borosilicate glass tube with an inner diameter of 0.9 cm. the bottom of the tube wdsdmpe
with glass fibre to block the glass beads within the tube and to enhance the laminar flow of the

solvent to the glass beads.

For the Washburn setup, a Sartorius Quintix balance (analytical balance YPKO03) was
connected to a computer and transferredrdedrded mass over time to Microsoft Excel
software. Then, the sample holder and scaffolding were set up using the Sartorius density
measurement kit, YDKO1LP, as shownRigure 6-2. Then, the sample material in the tube

was brought into contact with the saturated solution. The increase in the tube mass was recorded

every second until the liquid reached the top of the material.
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Figure6-2 Washburn capillary rise setup utilizing Sartorius balance and density measuren(@eickissaut, 2018)

6.3 Results and discussions
6.3.1Investigation of relative transport of PCM and dye during drying

The sample preparation for the quantification of granule formation as a function of solubility

in residual lump gection4.2.1]) with different solvents, i.e., water and methanol, showed
different behaviour of moisture transport. The methanol/PCM system showed that the PCM
and dye were constricted to the lump formgdwetting the glass beads with the solution.
However, for the water/PCM system, the dye seems to be dispersed out in the loose beads

towards the wall upon wettindrigure6-3).
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Figure6-3 (a) PCM/Methanol systeifiPCM and Dye confined within the lunfip) PCM/ water systerfDye spread out in
the loose beads towards the wall)

Figure6-4 Dried sample PCM/Water system (a) dye dispersed in the loose beads transporting towards the wall (b)
agglomerate formed free from dye

The samébehaviour was observed with the carbohydraiessing methanol as a solveali
the solute and dye concentrteithin the lump while with water the dyewastransported

towards the walls as shown in followikggure 6-5 andFigure 6-6.
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Figure6-5 (a) Fructose/Water system (b) Lactose/water system

\

Figure6-6 (a) Fructose/Methanol system (b) Lactose/Methanol system

To confirm the visual observations that the dissolved PCM and dye in Wagerg6-3) do

not follow the relative transport to each other as in the case of meth#idl; and U\¥Vis
analy®s were performedihe concentratioof PCMwas determined by using HPL&nd the

dye concentration was measured by-MM spectroscopy, as HPLC did not detect its peak.
The concentration was measuredheloose beadsbtained within the bottom pan after hand
sieving of the samplesach seved fraction (as four cycles of sieving were performed for each

agglomeratesectiord.2.2.2 and the lump retained after four cycles of sieving
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6.3.2 HPLC analysis

HPLC was used to measure the concentration of paracetamol in the sieved fractions obtained
after each cycle of sieving, the loose beads collected in the bottom pan after manual taping,
and the residual lump retained after sieving. HRjt&@de water{Table 6-2) was used to
dissolve the deposited paracetamol from each fraction of the collected glass spheres. The
resulting solutions were taken from the vial using a syrange filtered using a PES syringe

filter (Fisher brand, CAT No. 15206869. 0.2um pore size, sterile) to prepare samples for HPLC

analysis.

Table6-2 Quantity of water usedor HPLC Sanwpreparation.

Componens Volume ofwater (mL)
Loose beads after manual tapping 5
Glass beads after each cycle of sieving 2

Residual lump after sieving

2

The @librationcurvefor paracetamolvith the constant®f the linearfunctionis shown in the

graph inFigure6-7.
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Figure6-7 Calibration curve of paracetamol

To calculatethe concentratiowith the areathe slope, andheintercept:
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0 & Equation6-1

With
a =19885 and

b=38.714

Table6-3 Results of the HPLC analyfsisMethanol/PCM samples

Measured PCM concentration
Sample Area (mAU*s) (mg/ml)
Residual lump (S0) 7832.7 0.3958
Loose beads (%) 349.81 0.0195
Istfraction (S1) 6242.948 0.3159
2ndfraction (S2) 4251.62 0.2158
3 fraction (S3) 3021.96 0.1539
4 fraction (S4) 2784.52 0.1420

The concentration calculated from HPLC analysis followed the visual observation. The loose
beads have the least concentrated amourpachcetamolwhich shows that the?CM
remained within the lump formed and did not migrate into the loose glassdzesiaswn in

Figure 6-3 a. The concentration is higr for the first cycle for the different samples from

the agglomerates gathered after each cycle and keeps decredbsagjeasnggoesby. The
decrease mainly depends upon the mass of the sieving fraction. The first sieving fraction has
a higher masshaain the fourth because as the sieving proceeds, the lump becomes hard to
break. This was also proved by the highest concentration of PCM in the residual lump. The

predicted concentration was multiplied by the amount of solvent used for washing each
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fraction and divided by the masses of each fraction to calculate the concentration of PCM in

each sampl@-igure6-8).
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" 4Ath fraction
— (0.0025
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D .
v 3rd fraction
S 0.0015
—
=
E 1stfraction
«— 0.001
o
A
1]
= 0.0005

Loose beads
0
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Figure6-8 Concentration of Paracetamol in sieved fractions of PCM/Methanol Sample

The same procedure was performed for the PCM/watéerays-or the water systersome

PCM was present in the loose beabahle6-4). The highest concentration was present in the
first fraction of sieving,and the concentration decreased for subsequent sieving fractions.
However, the most negligible concentration for the water system was observed in the residual
lump, showing the PCM was not confined to the lump formed. Moreover, this relates to the
solubility of PCM in water as PCM has low solubility in water, hence lower concentration
available for creating solid bridges, making the lump fragile. As discussbdntel5 (section
5.3.2.2), most of the PCM/water system lumps break during sieving cycles; hence, very little

material is retained as a residual lump for the 0.01 g/ml solution sample.
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Table6-4 Results of the HPLC analysis\itater/PCM &mples

Sample Area (MAU*s) Predicted concentration
(mg/ml)
loose beads 3485.08 0.1733
1st fraction 5205.49 0.2598
2nd fradion 877.7 0.0422
3rd fraction 456.83 0.021
4th fraction 155.72 0.00®
residual lump 110.5 0.0036
0.0006
3rd fraction
0.0005
E 0.0004 ]
E 1stfraction
é 0.0003 2nd fraction
O Residual lump
::2 0.0002
=
0.0001
4th fraction
Loose Beads
0
0 1 2 3 4 5 b 7
Sample

Figure6-9 Concentration of Paracetamol in sieved fractions of PCM/Water Sample

6.3.3UV-Vis Spectroscopy

Patent V Blue dye was used to visuakodvent transparthrough the cake during drying. The

amount of dye in eadhaction was then measureding UV VIS Spectrometry using the same
samplegprepared for HPLC.
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The wavelength for quantifying the blue dye was fixed at 633 aumresponding to the
absorbance curve's pedihe absorbance was then used to calculate #weveeamount of dye,
the dilution facto(amount of solvent used to wash glass beads of each frasagmpultiplied

by the absorbancand that resulvasdivided by the mass of glass sphet@get the relative

amount of dye in each fraction

The calibation curve for the absorbance of blue dye in water with the constant of the linear

function is shown irFigure6-10.

Callibration curve for UV-VIS of blue dye
18
iy
16 y =35.013x- 0.0618 -
14 R? = 0.9996
w 1.2
= ,
8 1 )
g 08 |
o
< 06 d
0.4
0.2
0
0 0.01 0.02 0.03 0.04 0.05 0.06
Concentration (mg/ml)

Figure6-10 Calibration curve for blue dye

The results for the concentration of blue dye in each fraction followed the concentration of
PCM (Figure6-8 andTable6-3). For the methanol system, the highest concentration was in a
residualump, as in the case of PCM. Similarly, for the water system, the highest concentration
is in the first sieved fraction, which was contradictory to the visual observé&iguaré 6-4)

but follows the results of PCM concentratidrable6-5 andFigure6-9).
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Table6-5 Results of UWIs Spectroscogdgr water and methanol

Methanol Water
Sample
Predicted Predicted
Absorbance | concentration Absorbance concentration

(mg/ml) (mg/ml)

Loose beads 0.059 0.003 0.093 0.004
1stfraction 0.259 0.009 0.101 0.005
2"d fraction 0.195 0.007 0.045 0.003
3 fraction 0.154 0.006 0.044 0.003
4t fraction 0.142 0.006 0.042 0.003
5t fraction 0.327 0.011 0.045 0.003

Therelativeamountof paracetamahnd dyewvascalculatedo estimate the amount of dye and
paracetamol in each fractioRigure6-11 andFigure6-12 reports that the PCM and dye as
dissolved species are transported together and broadly to the same extent. These are also in
line with the graphs shown Figure6-8 andFigure6-9, which confirm that the dye and PCM

show relative transport during drying. However, the transport of dye and PCM lootee

beads towards the walls of the vials raised the debate about the wetting behavior of water with
PCM and glass beads.
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Figure6-11 Relativeamount of paracetamol plotted against the relative amountgéfor the Methanol system
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6.3.4Investigation of the wetting behaviour of water

Variousexperiments were performed to investigate the contradicting transport of PCM and dye

with water compared to methanol.
6.3.4.1 Rewetting an alreadylried sample

In this experiment, the sample was prepared by adding 0.0025R@W/Water solution to

the glass beasubstrate and left for drying for 24 hFsgure6-13 shows the dried sample after

24 hr. After drying, the sample was rewetted with the same solatioreft for another 24 hr

for drying. The primary purpose of this experiment was to obseine¢herthe dissolved PCM

and blue dye followed the same path after rewetting the dried sample. After observing the dried
lump and rewetting the dried sample byliag) the drop othe solution by following the same
procedure as mentionedbove(Figure6-17), it was concluded that dissolved PCM and dye
followed the same transport profilehe top of the lump was white, i.e. free of dged the dye

was transported towards the bottom of the vials. However, it seems that the dye was already
transported towards the walls during the first wetting and drying of the saaftplerewetting

and drying the blue dye remains at the bottom of ilmap, leaving the upper surface of the

lump free of dyeKRigure6-17).

Figure6-13 Dried sampla (90-150 um glass beads) wetted with 0.0025g/ml PCM/Water solution (a) side view (b) top view
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Figure6-15 Vial with loose beads after removing the lump created by first wetting (a) top view (b) side view with half of the
material removed
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Figure6-16 Dried sample(90-150 um glass beads) rewetted with 0.0025 g/ml PCM/water solution (a) side view (b) top

view
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Figure6-17 Lump created after rewetting (a) top side of lump (b) side vietwadfuimp (c) bottom side dhe lump

This transport behaviour of dissolved PCM and dye may be due to the wetting behaviour of
PCM with water Heng and Williamg2006a, 2006b}ktudied the wettability of PCM with
water. Their work shows that the different facets of PCM show different wetting behaviour.
Their results showed # different faces of PCM form | have the following hydrophilicity
order:

(001) >(011)> (201)> (110)> (010)

This wetting behaviour depends on the OH group available to form hydrogen bonding. This
wetting behaviour of PCM was confirmed bpdorova and Delley (2008They determined

PCM forms | and Il hydrophilicity by using the COSMO approach. Their result was similar to
Heng et al. according to their results, the hydrophilicity order for PCM form | is:

(001) > (201 > (011 > (110)> (010)

=o
é!"
=,
=
=
=,

Figure6-18 (a) Single large crystal of PCM (b) Crystal habit of PCM f@rtariget al., 2006)

From the results of their work, it can be concluded that depending on which facet of PCM
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formed a bond with water, some of the PCM stayed in the lump formed, and some were
transported along with water. The contact angles of different facets of PCM mdagtieag
et al. are listed iTable6-1Table6-6.

Table6-6 Advancing and Recetj angle of PCM form | with water

Facets of PCM form | Advanci ng) i Recedi ngr) an
(201) 38.1 N 4 22.6 N 3.
(001) 15.9 N 3 0
(011) 29.8 N 5 23.7 N 6.
(110) 50.8 N 4 17.5 N 3.
(010) 67.7 N 2 26. 4 N 4.

6.3.4.2 PCM and dye transport in binary mixtures of water and Methanol

In this experiment, glass beads were wetted with different compositions of binary mixtures of

water and methanol solution containing the same concentration of blue dye (100:0, 75:25,
50:50, 25:75, 0:100, respectively). This experiment's primary purpose was to investigate PCM's
transport in binary mixtures and to observe whether the PCM solution transported towards the

walls with binary mixtures as in the case with water.
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Figure6-19 Glass beads wetted with different compositions of water & methaahition(at the start of the Experiment)

Figure6-20 Dry sampksof glass beads wetted with different compositions of water & methanol sol(gitber completion
of the experiment)

FromFigure6-20, it is clear thatvith the increasing concentration of methanol, the transport

of dissolved material is reduced, and when no water is present, the dye is retained within the
lump. This behaviour is due to the wetting behaviour of the PCM aqueous solution, as described
in section6.3.4.1 In principle,viscositymay also play a part in the transport of the solutions.

In her work, Singh (2022) reported that the visgosftaqueous PCM solutions is less than the
binary mixture of Methanol and water. She also mentioned that as the percentage of methanol
increases, the viscosity of the solution increases. In this study, the solutions are relatively dilute,

and the role o¥iscosity is likely to be minor.
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6.3.4.3 Experiments with different solutes

The next set of experiments was performed to investigate the wetting behaviour of aqueous
solutions with another solute in addition to PCM. For this purpose, Potassium hydlrogen
tartrate(PHLT) was selected. 490 um glass beads were wetted wdgcreasing PHLT and

PCM solution concentrations in water, starting from 0.01 g/mL to O gfigure6-21 confirms

that the water haa different wetting behaviour for both solutes. From this experiment it was
decided to further investigate the contact angle measurement of PCM solution witlegldss

The sample without dissolved solute also shows that water with only blue dye completely wets
the glass beads. This confirms that the transport profile observed with PCM/water samples

ultimately depends on the wetting behaviour of PCM and water.

Figure6-21 (a) Decreasing concentration of RHb) Decreasing Concentration of PCM

Experiments on microscopic slides

Another experiment was performed to investigate the wetting behaviour of water further. In
this experiment, a layer of PCM powder and PHLT powder was formed on a microscopic slide,
and a drop of pure solvent (water) was added to the slide to observettihg Wwehaviour of

the water. Blue dye was added to keep track of moisture transport.
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Figure6-23 PHL-T powder wetted with water (a) bottom side of the slide (b) top side of the slid

k. & Al

FromFigure6-22 (a),it is clear that water tends to wet the glass surface of the slide instead of
the Paracetamol powddfigure6-22b). While water completely wets PHL powder Figure
6-23).

6.3.5Washburn Method

From the discussion in the previous sections, it is concluded that the wetting behaviour
significantly influenes moisture transport during drying. The contact angle was calculated by

using the Washburn method for the materials listed below:
1 Powdered PCM

Granular PCM

PHL - t

PCM coated beads

PHL-t coated beads

Dried sample beads

=A =4 =4 =4 -4 =4

Beads from 1st sieving fraction

Coated beads preparation
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For PCM and PHUt coated beads saturated solutions of respective solutes were prepared with
water and then sprayed on the glass beads using a spray bottle and dried. After drying a layer
of solid maerial was coated on the glass beads.

Dried sample beads

To get dried beads, the sample was prepared using glass beads and 0.01g/ml PCM/water
solution to create a lump, and then sieving was performed. After completing four cycles of
sieving, the separatedaterial was used to perform a Washburn experiment with a water/blue
dye solution.

Beads from 1st sieving cycle

The sample was prepared using glass beads and 0.01g/mL PCM/water solution to create a
lump, and then sieving was performed. The fraction afeefL¢h cycle of sieving was collected,

and then the Washburn capillary rise method was performed using water and a saturated
solution of PCM/water.

The data obtained from the Washburn method is inconsistent, as shéiguiae6-24. This

problem was already addressed in the work of previous studentsiPRrof c e 6s r esear c
(Irvine, 2016; Pedussaut, 2018; Setter, 203$8) the K value for each repeat is calculated, and

the rang of the K value is given ifiable6-7. (For the graph of each solute, see Appendix B)
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Figure6-24 The mass vs time interparticle capillary rise of water and dye solution ind®@tdd glass beads compacted by

tapping for 100- 300 seconds

Firstly a geometric factor K needs to be calculated by assuming that the solvent is completely
wetting the solute @s—= 1) using Equatio®-6 (Irvine, 2016) K values calculated for all

materials are listed ihable6-7.

?’Q 38

Equation 6-2

Where,

m? is the squared mass of the liquid rise in the tube&)(Kg
t is the time taken by the liquid to rise (sec),

W is the viscosity (N*s/rf),

mis the density of the liquid (kg

r is the surface tension of the liquid (N/m).
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Table6-7 K- value Results

Material K () * 102 Average K (1f) * 102
Powdered PCM 350- 40670 41000
Granular PCM 1710- 2063 37700

PHLt 13320- 36620 43900

PCM coated beads 102500-2.773 38000
PHLt coated beads 0.6553-2.159 2.81

Dried sample beads 730600- 741800 14700
1s'sievingfraction beads 0.3637-1.244 1.61

After getting the k values, the contact angle is calculated by Equétrderived from
Poiseuille law(Irvine, 2016)

a QO— o] Equation6-3

Generally, a single solute is tested against various solvents in the Washburn method. The
solvent with the highest K value is selected as the reference for calculating the contact angle.
In this study, a single solvent was used to investigate the comniglet @ various solutes, so

from Table6-7, the highest K value was for dried sample beads, so the K value of dried beads

was used asreference for the calculation of contact angle of the rest of the solutes.
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Table6-8 Contact angles of different solutes with water/dye solution

Material Contact anglad ©) (
Powdered PCM 86.81-89.97
Granular PCM

73.85¢ 84.49
PHLt 65.22¢ 79.65
PCM coated beads 68.05-81.94
PHLt coated beads 88.98-90
Dried sample beads 0
18t sievingfraction beads 89.98- 90

High values of contact angle¥4ble6-7) proved that PCM solution was not wetting the glass
beads properly. Moreover, the wetting of powdered and granular PCM showed that the soluti

only penetrated around the walls and did not penetrate the(Badare 6-25). This further

confirms the wettability behaviour of PCM discussed in se@i8m.1

Figure6-25 Washburn analysis for powdered PCM (a) start of experiment (b) end of experiment (c) top view of wetted

sample (d) side view of the wetted sample
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6.4 Conclusion

The results presented in this chapter indicate that the dissolved PCM and dye in water and
methanbshow similar transport behaviours. For the PCM/methanol system, the concentration
of dissolved material remains confined within the lump, and the loose beads are free from PCM
and dye. However, for the PCM water system, the blue dye tends to transfedsdine loose

beads along with some concentration of PCM. This is due to the wetting behaviour of the
aqueous PCM solution. Moreover, this phenomenon is likely to be influenced by the system
viscosity. The viscosity of the PCM/water system is less tharPtbM/Methanol system and
binary mixtures of methanol. Due to low viscosity, the solutions tend to diffuse to a more

considerable extent.

The wetting behaviour of aqueous PCM solution is influenced by the different levels of
hydrophilicity shown by differet faces of PCM. Some faces are hydrophilic, and some are
hydrophobic; this leads to the idea that the hydrophobic faces displace the water molecules
during transport and influence what is retained within the lump. In this case, a reduced
concentration waetained within the lump, which was in accordance with the results of chapter
2, in which we concluded that the agglomerates created with the PCM/water system mostly
break during the sieving as less material is available to form solid bridges.

Further inestigation of water with methanol binary mixtures and different solutedaalecs

the effect of wetting in the moisture profile.
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Chapter 7: Quantification of granule formation as a function of

solubility in Residual solvent (part b)

This chapter explains the work done to implement the methodology developed for quantifying
agglomerate formation as a function of the soltypibf API within the residual solvent by

using glass beads to mimic API crystals. The API crystals were selected to demonstrate
application of the approach to the real industrial problem instead of using glass beads as the
substrate. The overall findingdicate that the methodology developed using the glass beads
was not fully applicable to the API crystals potentially due to differences in particle shape, size,

solubility and wetting behavior.

7.1 Aims and objectives

The main aim of the research in this ctesips to implement the methodology developed by
using glass spheres in chapter 3 to quantify the amount of deposited material needed to cause

lump formation amongst API crystals
7.2 Materials and Methodology

Two different sets of experiments were performed: first with PCM as a substrate and second
with spherical agglomerates of benzoic acid as substrate. To reliably control the quantity of
solvent which on evaporation would deposit the solute material, acsobftPCM in a binary
mixture of heptane and ethanol was used. This binary mixture was used to achieve a range of
concentrations similar to the ones used in the experiments with the glass spheres by controlling
saturation level by adding antisolvent oé tlequired amount. Moreover, a similar methodology

was applied when using spherical agglomerates of benzoic acid in order to compare spherical
crystalline particles with glass spheres and for this set of experiment to mimic residual moisture

during dryingsolution of benzoic acid was used in binary mixture of heptane and ethanol.
7.2.1Materials
7.2.1.1Material for 15tset: PCM experiments

Sieved fractions of powdered PCNpurchased from Sigmaldrich, batch number
MKCJ5427)and special granular as pharmaceutical grade PCM (supplied by Mallintlaqdt
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Raleigh, N.C., USA, batch numb&61713]561) were selected as a substrate to cover an
approximately similar range of padle sizes as of the glass beads used in the experiments
reported in Chapter 3, section 3.3VlicronizedPCM (suppliedoy MallinckrodtInc., Raleigh,

N.C., USA, batch numbed42213E40yY was used to prepare solutions along withagol
(absol ut ®9.8%mpurchasédyfromOSigmAldrich) and n-Heptane (purity 99.9%,
purchased fromSigmaAldrich). Glass spheres GB1 (4® um) (as used in Chapter 3,
section3.3.1.) were also used to investigate the lump formation with binary solvent mixture

solutions of EM.
7.2.1.2Material for 15set: Spherical agglomeratexperiments

Spherical agglomerates of benzoic acid (synthesized by Vishal Raval of the University of
Strathclyde during his Ph.D. research) were selected as a substrate because of their shape
similarity with the glass spheres used in chapter 3, section 3.3.1. Benzoic acid (purchased from
VWR, batch number 20D064128) was used to perform solubility measurements and to prepare
solutions which mimic the residual solution remaining at the end of filtration andngash

Et hanol (absol ut e, pur i t yAldridh) &n@ sHepdtane (putty c ha s e
99.9%, purchased from Sigr#ddrich) were used to prepare solutions and for solubility
measurements. Glass beads GB1{80m) was also used to investigate the |dormation

with binary solvent mixture solutions of benzoic acid.

7.2.2Methodology

7.2.2.1Sample Preparation

Sample was prepared by using same methodology as explaiGédpter 4 sectiod.2.1
7.2.2.2Sieving of Paracetamol

Sieving was performed to segregate PCM crystals into different size fractions. A vibratory
sieve shaker (Analysette 3 Pro) was used for this purpbse sieve shaker is different from

the one use for characterization of agglomerates and much bigger in size and was only used
for sieving of powdered PCM to get different fractions of PCM crystiksve shakers are
commonly used to analyze patrticle size distributions by segregating materials into a series of
particular size classes. A series of test sieves, with the smallest mesh size at the bottom and
largest at the top, were stacked on each dth&rm a sieve nest. A receiver pan was placed

at the bottom of the sieve nest to collect the material passing through the finest mesh size, and
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a lid prevents the material from being lost from the nest during sieving. This whole assembly
was then placedn the sieve shaker shown Figure7-1. PCM sieving was performed using

two sets of sieving nests with an amplitude of 1.0 mm. The duration afgifrieach sample

was 5 minutes. The 10 grams of material were added to 20cm diameter sieve and 5 grams of
material was added to 10 cm diameter sieve for each sieving cycle. In order to segregate larger
masses of materials in each sub fraction more nagidiving with higher sample masses than
recommended inBritish Standards Institution1989)BS1796) was performed. However,
excess material clogged the aperture of the mesh, causing the blockages in the sieves.
Consequently, many sieving runs needed to take place to sepdffatient material for the

experiments which were planned.

Spin lock nuts

Belt to hold

sieve nest Top lid

Sieve nest

Receiver
Pan

Sieve shaker

Figure7-1 Sieve shaker assembly with sieve nest

Table7-1 Sieve diameters and mesh sizes

Sieve diameter (cm) Mesh size (um)

20 500, 212, 75
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10 425, 250, 150, 75

7.2.2.3Size Analysis

The size distribution of the sieved fractions was then measured using a Sympatec QIC/PIC
particle analyzefFigure7-2). QICPIC is an offline dynamic particle siziagd image analysis
instrument. For dry particle analysis, QICPIC has two dispersion (@i&PIC):

1 RODOS is used for fine particles < 200 pm
1 GRADIS is used for coarse particles > 200 pm

Figure7-2 QICPIC setup

For dynamic image analysis, particles flow continuotisipugh a cameraontrolledvolume
measuremeni he free random movement of the particles allows the measurement of the shape
and size of the particle to take plgé&ODOS. The basic concept combines weditablished
dispersing unit RODOS and dynamic image analysis to capture a large number of particles per
image.Figure 7-3 shows the optical setup of the QICP(Bynamic Image AnalysisThe
dispersion of the particles in RODDOS is achieved using a long, straight dispersion line, which

releases the dispersed particles and accelerates them into the sampling zone. Tineninstru
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uses a pulsed light source to freeze the particle motion eliminating motion blur.

The RODOS/L with VIBRI feeder was set up at a feed pressure of 0.5 bar, feed rate of 25%,

and 0.5 mm gap width for measuring the size of particles within the sievtidris
Dispersing unit
Beam expansion

unit adaptable
to measuring

range Objective
1 Pulsed 'Q o
light source e dMmera
L ]
-
______________________ L S I L
ﬂ: [
®
@
Y
Particle flow

Figure7-3 Optical setup of QICPIC

Particle size distribution can be evaluasesd
1 Cumulative distribution (Q, %): shows the probability that the variable (particle size) is smaller
or larger than a value; from this representation the percentile PSD parameters, such median

(D50), D10, D90 can be evaluated easily
1 Distribution density (g, Ig): using a logarithmic scale aids resolution of the particle size across

size ranges

Other methods for describinmarticles size are used:
1 Sauter mean diameter (SMD, D[3,2]) is a weighted mean diameter represented by the sum of
the cubic equivalent diameters of particles divided by the sum of the square equivalent diameter
(Equation 7-1) where ni is the number of particles at a specific equivalent diameter and Di is

the equivalent diameter

B

YOO g

Equation7-1

1 Volume mean diameter (VMD, D[4,3])
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w)d O E— Equation7-2

7.2.2.4Solubility Measurement

Solubility measurements of benzoic acid in a binary mixture of heptane and etreneol w
performed using a Technobis Crystalline Platfdifiigure 7-4) (Technobis Crystallization
SystemsAlkmaar, The NetherlandsThe Crystalline consists of eight parallel reactors. The
Crystalline measures the solubility and metdstabne width (mszw) of APIs using turbidity

and particle imaging. Conventionally it operates by cycling through a temperature profile
whilst agitating a known mass of crystals suspended in a defined quantity of solvent detecting

dissolution and nucleatian order to measure the phase diagram.

Figure7-4 Crystalline PV

In this case the Crystalline was setagprovide constant temperature (20°C) and stirring rate

(700 rpm) to produce a saturated solution. After getting a saturated solution, samples were
removed from the crystalline vialssing syringes. The solution samples were then filtered
usingaPESsyrnge f il ter (Fisherbrand, Cadiveighed. 1520

164



vial. The vials were then left to evaporate to dryness to determine the quantity of dissolved

material.

5.3. Results and discussion
5.3.1. Experiments with PCM

In the methodology develogein Chapter5, glass spheres were wetted with solutions
containing different concentrations of dissolved solute mimicking the residual solution present
at the start of drying to evaluate the effect of solid deposition after solvent evaporation. To
apply he same methodology delivering the same range of quantities of dissolved material to
PCM crystals, a binary mixture of an astilvent and a solvent is required to prepare saturated
solutions covering a similar range of concentrations as developed irethedulogy. For this
purpose, an experiment is performed with granular PCM and pleptane. It was presumed

that wetting of a PCM sample withhreptane would produce a frlewing powder as PCM

has very low solubility in PCMTable4-6).

Figure7-5 Dry sample after wetting the granular PCM with heptane
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Figure7-6 Dry sample after transferring to sieving assembly of 1mm sieve and bottom pan

Figure7-5 andFigure7-6 shows the dry sample after wetting the granular PCM with heptane
with a red dye added to aid the visual observations of the area affected by the solvent. After
transferring the driedample from the vial to the sieve nest comprising a 1mm sieve and a
bottom pan, virtually the whole sample passed through the sieve without shaking. This result
confirms the hypothesis that wetting the PCM crystals with heptane will not cause

agglomerationThe next step was to sieve the crystalline grade of the PCM.
7.2.2.5Sieving of PCM

The powder grade of PCM was sieved with a sieve shaker as described in $&cfdh

initially 20 grams of PCM was added to 20 cm sieves with the mesh size 500 pm, 212 um, and
75 um and sieved for 30 min. However, with a 20 gram load of PCM, the particles passed
through 500 um sieve but became clogged on the 212 um Siexeng 10 grams of PCM on

the same sieving assembly and sieving for 5 min was more effective. The sieving time was
reduced as it was considered that with the higher number of vibrations, the electrostatic charges
generated between the particles increaseltich contributed to the formation of lumps
(Fotovat, Bj and Grace, 2017)
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Figure7-7 Seved fractions of PCMith 20 cm diamete(a) 500 um sieve (b) 212um Sieve (c) 75 um sieve (d) bottom pan

Figure7-7 shows the sieved fractions with 20 cm diameter sieves. A further pratiten20

cm diameter sieves was that sieve shaker was not reliable in holding the sieve assembly tightly
and so became very noisy. It was decided to work with 10 cm diameter sieves using 5 gram
portions of PCM with mesh sizes of 425 um, 250 um, 150 pm,7num Figure7-8) and

sieving for 5 minutes. The sieving cycles were repeated multiple times to collect 10 grams of
PCM from the 150 um sieve, 75 um sieve, and the bottom pan. However, the problem of small
particles sticking together and blinding the sieves persisted, and it was not possible to get large
guantities of single crystals; it was therefore decided to do the experiments with these 10 grams
material, and if the experiments were successful, thearttnue the sieving process to obtain

more segregated material.
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Figure7-8 Sieved fractions of PCM with 10 cm diameter sieves

Table7-2 gives %o, Xs0, X90, Sauter mean diameter (SMD) and volume mean diameter (VMD)

of granular and powdered PCM and the fractions of the powdered PCM after sieving measured
with QICPIC as described in secti@2.2.2 Microscope images of eadtactionwere also

taken to further verify the sizes obtained from various sieves are in accordance with the sieve
size Figure7-9).

Table7-2 Particle size analysis of Granular and powdered PCM and sieved fractions of powdered PCM by QICPIC

Material X10 (Um) Xso (um) | Xoo (Uum) SMD (um) | VMD (um)

Granular PCM | 273.91 363.58 | 462.26 299.30 360.03
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Powder PCM | 29.71 100.57 | 288.76 59.76 135.53
250 pym sieve

_ 29.60 111.28 | 305.01 66.49 160.76
fraction
150 um sieve

_ 27.30 58.32 84.12 42.82 57.24
fraction
75 um sieve

_ 24.04 52.93 100.20 41.48 57.79
fraction
Bottom pan 17.43 40.42 67.03 31.22 41.85

The data for the size analysissiéved material is not in accordance with the sieve sizes, which
may be possible because of two possible reasons, firstly the particles which stay together as a
cluster on the sieve are dispersed during particle sizing or that the load on the sievéhiatsuch

the particles are not presented to the sieve screen optimally to fall through, or possibly a mixture
of both effects.

\
-3

Figure7-9 Microscopic images of the sieved fractions (a) 250 um (b) 150 um (c) 75 um (d) bottom pan with 10x objective lens
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7.2.2.6PCM agglomeration experiment

Three different sets of experiments were performed to investigate the agglomeration by the
deposition of solid material after evaporation of the solvent. In the first experiment, powdered
PCM 75 pm sieve fraction was taken as a substrate. In the secarthexmt, granular PCM

was the substrate, and the third experiment was performed with glass beads as substrate. The
methodology for preparing the sample was the same as in cdgptation4.2.]). Table7-3

lists the parameters of all three sets of experiments. The solvent composition was selected based
on solubility data (Table4-6) to deposit a similar amount of PCM as was deposited in the earlier

glass bead experiments (chaigr

Table7-3 Parameters of PCM agglomerati@xperiment with binary mixtures

Solvent (ml)
Substrate
Exp. # Substrate mass (q) Heptane | Ethanol Solute (g)
(mL) (mL)
75 um sieved
1 . 3 90 10 2.2736
fraction
90 10 2.2736
2 Granular PCM 5
100 0 1.3562
Glass beads 90 10 2.2736
3 GB1 (4670 um) 10
100 0 1.3562

7.2.2. 7Experiment with 75 pum sievefifaction.

The sample was prepared by adding three grams of 75 um sieved fraction of powdered PCM
into the vials, and a drop of 100 pL of solution was added to the substrate. The resulting sample
wasthen placed in the fume hood for drying. After complete drying, the sample was transferred

to the sieving assembly (1mm sieve and bottom pan) to separate the lump which formed from

nonagglomerated crystals.




Figure7-1075 pm sieved fraction dried sample after transferring to the sieving assembly (a) 1mm sieve (b)daottom

Figure 7-10 shows the sample after transferring to the sieving assembly. It is clear from the
picture that the lumpiness of the powdered PCM fraction made it difficult to sieve the dried
sample to separate the agglomerate formed by evaporatitie @idded solution. The lump
formed was then separated with the spatula fromaggtomerated material and sieved by
Variable Speed Mini Vortex Mixer (Fisherbraf) at 2800 rpm. However, aftef'tycle of
sieving, PCM clogged the mesh and blocked sievesimfigure 7-11). Moreover, the
agglomerate formed was fragile and almost broke after the first cycle of sieving. Due to these

issues with the powded PCM fractions, it was decided to stop working with powdered PCM.

Figure7-11 Sieving assembly after the first cycle of sieving of 75 um fraction sample

7.2.2.8Experiment with granular PCM and glass beads

After observing the issues with the powdered PCM, the next set of experiments was performed
with granular PCM. The first experiment wasrformed with heptane/PCM solution, and the
agglomerates formed broke after manual tapping. The second experiment was performed with

the PCM solution in a binary mixture of heptane and ethanol with a 90:10 ratio. However, the
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