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Abstract

The attrition of needle-shaped cellobiose octagedtaOA) particles during drying
was studied using particle size analysis anditu spectrometry techniques. Firstly,
three particle size analysis techniques were eteduBor their efficacy relating to
needle-shaped particles. Laser scattering techsiprevided qualitative information
on average particle size, however, it was shown tha Feret Max dimension
obtained from dynamic image analysis was the beltator of needle length, and
allowed quantitative observations to be reported.

A bespoke lab-scale drier was used to determinestteet of varying the process
conditions on drying time and the extent of atiritusing two approaches, with non-
invasive wide illumination Raman measurements ein situ. A design of
experiments was carried out to determine the etietiiree drying parameters on the
total drying time and extent of attrition. All tiparameters had an effect, however,
attrition was mainly affected by the agitation wgy. Variation of the pressure
filtration time prior to vacuum agitated drying pdrced a range of particle wetness
that allowed the relationship between particle wsy agitation and attrition rates to

be examined.

In situ Raman spectrometry allowed the drying curvemfboth the solvent and the
particles to be monitored in real-time. The magietwf the Raman signal of COA
during drying was affected by changes in the budksity of the particle bed. By
interpretation of the COA drying curve, it was pbbs to detect the onset of
aggregation and then the break-up of the aggret@a@swder. It was not possible to
estimate the particle size from the Raman speairangl drying as changes in the
particle bed’s bulk density dominated the variatiothe Raman signal. In the final
part, the learning from the laboratory experiments applied successfully to an

industrial case study at GSK.
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1 Powder drying

1.1 Introduction

In powder drying, volatile substances are remowathd thermal processing to yield
a solid product. It is one of the oldest unit opierss in solids processing and is
crucial in the chemical, pharmaceutical, agricatubiotechnology, food, polymer,
pulp and paper, ceramics, mineral processing anddwgrocessing industriés.
Despite industry’s reliance on the operation, dyyivas historically been overlooked
for both industrial and academic research due toherotprocesses such as
crystallisation receiving a higher priorityMore recently, however, the situation has
changed as a result of the International Drying Sgsma being established in the late
1970s along with the creation of two dedicated nais: Drying Technology and
Advances in Drying. Nowadays, a worldwide forunstare research and experience
exists that has generated increasing amounts dkeata interest in the subject; this
in turn has provided chemical engineers with a theaf drying literature at their

disposal.

Improvements in industrial unit operations havaitranally been driven by profit
for the given application. Drying is an extremeheggy intensive process owing to
the high latent heat of vaporisation for many sotsecoupled with the inefficiency
of the drying media being used. In industrialisedrdries such as the USA or UK,
10 — 15% of the national industrial energy consuompis used for drying operations.
As energy costs have risen considerably over thaesyé¢he necessity for industry to
keep processing costs to a minimum in order to mepd profits has further widened
the interest for research into drying operationgdpminantly in developing more
energy efficient operations such as fluidised bednd, where the moist solids are
suspended in the drying medidnThis upturn was predicted in 1986 by Majumdar
who cited ‘the energy crisis of the last decadepfawviding a serious impetus to take
a close look at the conventional techniques ofrdrgmployed in industry*.Shortly
before this, the UK’s Energy Technology SupporttUniblished results of a study

into the economic benefits from retrofitting of egye saving equipment or new plant



design across 12 industries that consumed high atma@i energy in their drying,

evaporation and distillation processes.

Whereas energy costs appear to have generateditiaéraise in interest for solids
drying research, changes in the economic climate h@erhaps led industries to
reduce manufacturing costs across the board. Haptompted further research into
drying processes for many reasons such as: redtivengost of transport, increase
preservation and storage time, ensure that mateaiad free flowing and easy to
handle, and ultimately achieving the correct qyabt product at the first attempt.
The attention has stemmed from the fact that paoging can lead to permanent
damage to product quality and thus an unusablellabte product. An unsellable
product, as with high energy consumption has actieffect on the profitability of a
company, and therefore, there is a high potentiain gassociated with the

implementation of full process control through E&sed understanding.

The objective of this research, driven by industrggs been to investigate powder
drying from a pharmaceutical view point in order facilitate the transfer of
knowledge back into the industry. A model compouddntified by industrial
colleagues was chosen to represent a typical agtimemaceutical ingredient (API),
and analytical instruments were employed to anatyee physical and chemical
events that occurred during drying. There were itveon aims: i) to learn more about
the factors affecting drying and ii) developsitu measurements procedures to allow

better control of drying so that the desired p&tproperties are achieved.
1.2 Powder drying in the Pharmaceutical industry

In drug manufacturing, consumer safety is of pamamomportance meaning that

product quality cannot be compromised. Oxidati@tamposition, contamination or

microbial infection must all be avoided at any casta single batch failure can have
a significant impact in terms of manufacturing sosnd lost revenueFurthermore,

if a product is re-called after initial release ttwsts can be significantly more; for



example, legal action may be taken, where paying damages is typically

accompanied by a subsequent loss of credibility.
Drugs in solid dosage forms are manufactured ieetlstages:

)] Synthesis of intermediates
i) Final synthesis of the API

iii) Manufacture of the dosage forms

Drying can take place at the end of stages i) gnand at the end of specific unit
operations in iii)) such as wet granulation wheretewaadded in order to form
granules is removed to below a specified percentaress. Selection of the correct
drier for each stage depends on the physical piiepesf the material being dried,
for example, their form, sensitivity to oxygen aheéat or drying kinetics may be
considered. Table 1-1 shows the drier selectioneduies for the four main drier
types used within global manufacturing services @Mt GlaxoSmithKline (GSK).
These are termed filter, conical, pan and trayrgri&chematic diagrams are also

shown for each drier type in Figure 1-1 a) — d3pextively.



Table 1-1 Selection guidelines for driers used at&X.’

What is required
from a

Parameter . Filter-Drier Conical Drier Pan Drier Tray Drier
pharmaceutical
drier
Constant particle
. RN No
size distribution, No, agitation studies required (agglomerates
bulk density (avoid +ag q 99
) . formed)
balling or attrition)
Potential use for
reslurry/ Yes Yes Yes No
dissolution
Potential use for
. desolvation (not Yes Yes Yes Yes
f:yes:ggls recommended)
prop Potential use for
relative humidity Yes Yes Yes Yes
control
Ability to handle No mainly high
wide range of Yes Yes Yes volatility
solvents solvents
Wide range of Yes (no
starting loss on Yes agitator heigh Yes Yes (caking)
drying adj.)
Good mass _tra_nsfer Yes Yes Yes No
through agitation
Yes (except
No material when sparging (no variable
Mass transfer segregation Yes and risk of Yes moisture content
core flow)
Minimised leaks Yes Yes Yes No (rapid seal
wear)
. Yes (esp. .
Good heat transfelf  Yes (esp. with . No (convection
Heat transfer coefficient heated blade) Yes with heated only)
blade)
Good cleanability Limited (moving parts) Yes
Yes (except
Good dust Yes when Yes Yes
recovery sparging)
Health and -
Multipurpose Yes (but can
Safety ——
(filtration and generate procesp No No No
washing) bottleneck)
Good containment Yes ves (m_anual Yes (m_anual No
operations) operations)
PAT can be Yes Yes Yes Yes
retrofitted
Dynamic powder | Yes (sampler may cause attrition and interfere witlYes (vacuum hag
sampling agitator) to be broken)
Process Multiple usage
Monitoring requiresp
Accurate pressure measurement
€ p! range and thus Yes Yes Yes
monitoring
decreases
absolute
accuracy
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Figure 1-1: a) Vacuum filter drier: 1) jacket, b) Conical Vacuum drier with epicyclic
2) hatch, 3) filter base plate, 4) solvent exit screw mixer: 1) jacket, 2) hatch, 3) feed
port and valve, 5) feed tube, 6) motor and 7) tub, 4) exit port and valve, 5) motor, and

agitator. 6) drive arm.®
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¢) Pan drier: 1) jacket, 2) hatch, 3) feed d) Batch tray drier: 1) shell, 2) truck
tube, 4) motor, 5) agitator. with shelves, 3) heater, 4) fan, 5) air

filters 6) valve?®



The selection of a drier is largely dependent anpgloperties of the material being
dried. For example, fluidised bed driers (not iled in Figure 1-1) are usually used
when spherical particles that are easily dispefsech as those after granulation) are
dried. When adequate dispersion is not easy toeaehifor example when non-

spherical particles such as flakes, needles, ¢elpta are dried, a fluidised bed drier
is often not suitable and contact driers like thaseFigure 1 a) — c) are uséd.

Contact drying uses heat transferred to the mafeoia the hot surface of the vessel
by conduction. The ability to work under vacuum meskontact driers very popular
in the pharmaceutical industry as heat sensitivéenah can be dried at lower

temperatures. At low pressures, the vapour pressiutiee solvent is reduced and,
therefore, the temperature required to remove dheest is also reduced, making the
drying of heat sensitive materials possifldzurthermore, in order to reduce the
number of production steps, a filter drier (Figdren)) is often used as the filtration

step can be carried out in the same vessel asyhgdtep’

In this report, the focus is on the drying of pseukPIl. Drying of an API can be
challenging as many are sensitive to oxygen atnmeygghor harsh environmental
conditions such as high temperature, or can oftentdxic in its pure form or
explosive. Furthermore, many API have non-sphegeametry and are sensitive to
mechanically induced shear from the impellers useabitated powder drying. The
API drying step usually follows crystallisation afiitration. Crystallisation is ideally
a highly controlled process that aims to obtaimadpct with desired size, shape and
purity, therefore, the preservation of the initsste and shape of the particles is
equally as important as the removal of solventpBracontrol of these properties
ensures that the flow and compaction propertiesa ainaterial are correct for
downstream processes such as blending, granulatiotableting and that the
bioavailability is correct for proper action in thedy* Poorly controlled drying can
thus result in the loss of the physical charadiess implemented during
crystallisation, resulting in the re-crystallisatiand re-drying of a material or
ultimately the termination of a campaign. Currentiythe pharmaceutical industry,
there are no established techniques to monitorpthesical processes that occur

during dryingin sity; all analysis techniques are currently carriedaiuthe end of a



given drying process, meaning that any significdr@nges in particle size, shape, or

distribution are unknown until these tests areiedrout.
1.3 Physical processes during drying

The development of the penetration theory in th@0%9has meant that drying
processes can be modeled relatively successfuihgusmpirical calculations and
knowing only a few parametet$'* Furthermore, as computing power has increased,
modern methods such as the discrete element m&B¥) have allowed for
particle-solvent and particle-particle interactiasbe calculated for experimental
data sets containing larger numbers of partitié® What is far less understood,
however, are the physical processes that occunghiaut drying and have an effect
on the particles, such as attrition, where a readncof particle size occurs, or
agglomeration, where an increase in particle sizeurs. In some cases of
agglomeration, large dense agglomerates can forthendrier, which cause great
damage to the vessel, this is known as ballingefOphocesses that can occur during
drying are chemical degradation caused by ovendrgf a material, or changes to
the polymorph or hydrate state of the material.

Modes of attrition have been studied extensivelyanadiriet al and Grofet al,?**

and can be classified into two main types: chippwgere fine daughter particles of
material break away from the larger parent partarleimpact; and fragmentation,
where larger particles break down into several Enm#tactions during a series of
collisions with other particles, the impeller, dvetwalls of vessels. The formation
and break-up of aggregates has also been sttfdiédConversely, the relationship
between particle breakage and crystal wetness glaliying is an area that is still
relatively unstudied. The few examples in the éitare that do exist show that the
attrition caused during drying is a result of shigam the work put into the system
by the impeller: 2% > however, they are by no means extensive and fighthe
need for further study into particle attrition aamglglomeration in driers. With this, an
opportunity presents itself to evaluate procesdytinal technologies to monitor

these process@s situin near real-time as a process is carried out.



1.4 Process analytical technology

The US Food and Drug Administration (FDA) 2004 “PAiitiative” has led to a
boom in pharmaceutical companies investing in ge@nalytical technology (PAT)
to improve process understanding and control, with ultimate goal of achieving
quality by desigri® In addition, the emergence of concepts such asigina and
lean manufacturing has further augmented the istt@fethe pharmaceutical industry
in PAT application$! PAT is the application of process analytical chengi (PAC)
to pharmaceutical processes, and although PAT & &e relatively new to the
pharmaceutical industry, they are by no means r@wapts in other industries. On-
line gas chromatography has been used in the dibas industry since the 198Fs
and near-infrared spectroscopy has been utilisedarfood industry for quite some
time3 In fact the term PAC has its origins in the micBQ@9 when British
intelligence reported that the German chemical stguwas using specialised

instrumentation for process control.

Traditionally in the pharmaceutical industry, preg@arameters such as temperature,
pressure and flow rate were monitored for processral, and chemical analysis was
only applied to intermediate and final drug produ@y implementing PAT, process
analysers are located in or next to a processiascdrried out, therefore, chemical
analysis can be performed throughout manufacturmgddition to the analysis of
intermediates and drug products. Consequently, R#slthe capability to reduce the
number of rejected or re-worked batches producenhglwoutine manufacturing. In
light of this, many pharmaceutical companies nowehaedicated PAT groups
whose role is to identify the opportunities thatsexwithin an organisation to
implement PAT, working closely with instrument vensl to design, develop and
validate more robust analysers to work in harshrenments. These analysers are
ideally operated automatically or by non-techngtaff on plant, producing real-time

data in a timely manner for process control andhapation.

There are many challenges for the successful imgaation of PAT into the

equipment predominantly used in pharmaceutical reatwring. Many reaction



vessels, blenders, driers etc. were purchasedtiiateawhen the implementation of
PAT was not exploited as actively as it is todayd aften, they must be retrofitted
with ports or windows so that measurements can &gemFurthermore, scale up of
processes from lab to plant scale can exacerb#ieulties observed at the smaller
scale, meaning that representative sampling atlaiger scale can be extremely
challenging. Likewise, proving to the regulatorythaarities that such samples are
representative can pose an even bigger test. Fasmetheasons, pharmaceutical
companies have, until now, predominantly used Pélntprove understanding of
their processes rather than to control them. Thisva steps to be taken to rectify
any problems that may be encountered, and constyueduce the likelihood that a
batch will fail quality testing. PAT is now a widetesearched area across industry
and academia, and although it is known that phaeotazal companies are reluctant
to publish articles for fear of losing competitiaelvantage, review articles in the
literature such as the Process Analytical Chemisiyies by Workmaret al.
demonstrate the strength and depth of the fieldsadthe industry/

The application of PAT can be classified by fiv&atent terms established by Callis
et al. namely: off-line, at-line, on-line, in-line or nénvasive®® Off-line analysis
involves manual sampling of a process before teriafy a sample to a remote or
centralised laboratory. At-line analysis also regsimanual sampling; however, only
local transport is required to a dedicated analyséne manufacturing area. On-line
analysis has automated sampling and transfer tawomated analyser, a re-
circulation loop can also be utilised that re-idwoes the sample to the vessel after
analysis. In-line PAT has a sample interface |latatethe process, typically by using
insertion probes. Non-invasive analysis does ngblue direct contact with the
sample, but requires the analyser to be locatedrobeside the process. In this
report, in situ measurements were performed using predominantlyima@sive
probes (with some in-line NIR measurements), wlenederence measurements

were performed off-line.



1.5 Insitu PAT for pharmaceutical API drying processes

As mentioned, the theory and modeling of powdeilindryrocesses have featured
extensively in the literature since the mid-1970%; 1719 3%3%nd furthermore, the
modes of particle attrition are also well knoWit® * Currently PAT has been
successfully implemented to measure particle simeshape in other unit processes
such as crystallisatiof!;** and fluidised bed process¥g?® The application of PAT
to API drying processes, however, is much less mherted and, at present, limited
to measuring the drying curve rather than the maygirocesses that can occur to

|.47 |48

particles during drying. For example, both Pagtial”" and Burgbachest al.”™ used

NIR spectrometry to measure the drying curve ofanig solvents during vacuum

agitated drying of an API. Parrist al*’

used an NIR gas cell to measure the
concentration of organic solvent in the off-gasaofirier and, therefore, the NIR
probe had no direct contact with the API particldsing a principal components
analysis (PCA) method, they were able to moniter dhying curve and also detect
the agitation points during intermittently agitatddying. Similarly, Tewariet al
monitored the solvent concentration of the off-gasg a gas cell and mid-infrared

spectrometry?

Burgbacheret al. used an in-line NIR probe to monitor the removalsolvent
directly from a bed of particlé8. The probe was fitted with an integrated cleaning
system that meant that the probe could be cleae®delbn measurements or batches
without being removed from the vessel. A PLS calilmn model was established
that successfully predicted the solvent concemtnati validation drying experiments
using NIR spectra recorded during drying and afélloss on drying (LOD) analyis
for reference. They concluded that thesitu method of analysing the drying curve
would reduce the overall drying time as the procamsld be stopped at an NIR
determined time point measuréd situ rather than by the off-line method. Thus,
further time was saved by removing the need faditimal off-line analysis to be

carried out.

10



In these examples, the focus is purely on the sbikamoval, and therefore, the API
is not commented on. However, NIR is known to besds/e to physical properties

such as particle siz&>*or polymorphisnf!

'%\Whereas in the given examples, there
IS no mention of whether or not the APl were susb&p to attrition or
agglomeration, it follows that if these processeseamo occur, it would result in a
change in the NIR contribution from the API thatultb be detectedn situ
Furthermore, othernn situ spectroscopies are known to contain particle size
information in their spectra such as Raman, or sttbuemission spectroscopy
(AES). AES is an alternative to more conventionacroscopies and is known to
contain particle size information in broadband freacy spectrd® AES has already
been used to study particulate processes suchvasepdlending, granulatiort?

and drying®®

Raman spectroscopy is an established PAT tool ascdsbme advantages over NIR
spectroscopy. Raman spectrometry can be used t@anpolymorphismin situ, and
spectra generally have sharp, well resolved peaften allowing for univariate
rather than multivariate calibration, which is ngaalways necessary with NIR
spectroscopy. Furthermore, with developments in Niésers for Raman
spectrometry, fluorescence is now less of a propkemad more efficient detectors
coupled with wide illumination non-invasive probegve made the measurement of
Raman scattering molecules easier, as much shotégration times are required to
collect a spectrum. It follows that Raman spectpgchas been used extensively to
monitor pharmaceutical unit operations other thasing such as crystallisatidt, ®

fluidised bed granulatiof? ®*blending® or tablet analysi&> *’

Walker et al®® used Raman spectrometry to correlatesitu measurements with
granule density and particle size during the flsédi bed granulation of glass be&tls.
Measurements were recorded of the process in agsahulator with a bespoke
framework positioned around the vessel to house Raenan probe. In these
experiments, the authors observed a decrease inafRaignal as granule size
increased which correlated well with independergngtation experiments where

particle distribution analysis was carried out.tRarmore, by monitoring the process
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at different bed heights, the distribution in padidensity could also be inferred
from the Raman data, where a greater Raman sigemalobtained from denser areas

of particles in the bed.

The dependence of Raman signal intensity on parsize observed by Walket al.
has also been described previously for crystal mosvdby Pellow-Jarmaet al,®®
Wanget al®® and has also been observed in work completedeat/tiiversity of
Strathclyde€”® The findings in these reports, however, are iedlicontradiction to
the previous theoretical calculations from Kubelkank'* and Schradeet al’?
where an increase in Raman signal was calculatetdor with increasing particle

size

1.6 Research goals

The FDA’s PAT initiative has motivated pharmaceaiticompanies to implement
process analysis and control throughout their asgdéions, and furthermore,
challenged them to assess the capability of the watige of technologies for these
measurements. The manufacture of solids and thetepsing has been identified as
an area that can benefit significantly from the lenpentation of PAT. Unit
operations that contain solids are inherently ntbiffecult to understand and control

than liquid systems, and as such, makes for aerexlly challenging research area.
The aims of this research were:

» To evaluate the suitability of particle size anaytechniques as a reference
method to determine the extent of attrition thatuss during a drying process

for needle-shaped particles.

* To determine the relationship between drying patarseon the length of

drying time required and the extent of attritioattbccurs during drying.

* To assess non-invasive instrumentation to moniterphysical and chemical

processes that take place during drymgitu.

* To applyin situinstrumentation to an industrially relevant dryprgcess.
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2 Theory

2.1 Theory and modeling of drying

2.1.1 Drying curves

In solids drying, the production of a drying cuisteows the drying kinetics and how
they change throughout the process. Typical reptagens of a drying curve are

shown in Figure 2-1 a) for moisture content versoe, and 2-1 b) for drying rate

versus timé.
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Figure 2-1: a) moisture content as a function of the and b) drying rate as a
function of time: i) induction period, ii) constant rate period and iii) falling rate

period; - - - critical point.*

Figure 2-1 b) best shows that solid drying typigaltcurs in three separate stages.
The first stage (i) in Figure 2-1 b)) is termed timeluction period. During an
induction period, the drying rate increases whike bed is heated, and this continues
until the second stage known as the constant taeepbegins (ii) in Figure 2-1 b)).
Throughout the constant rate phase, the surfacdsegarticles remain wet enough
to maintain a constant vapour pressure of sohamd,therefore, the rate of removal
remains constant. Once the surfaces of the pagtiries sufficiently, the drying rate
begins to decrease and a third phase known asllivegfrate period occurs (iii) in
Figure 2-1 b)). Figure 2-1 b) also shows that thedition between the constant rate
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and falling rate phase occurs at a critical poliitis refers to the average moisture
content of a material at this transitibn.

2.1.2 Vacuum agitated drying (the penetration theory andDEM)

A model for vacuum (conductive) drying with contous agitation termed the
“penetration theory” was described in the literatbly Schlunder and Mollekopf in
19842 which was extended for bi- and poly-dispersed rgrtinular materials in
1986 and for hygroscopic material in 198%.

2.1.2.1 Fundamental drying knowledge

Before the new penetration theory is described,eshmdamentals of solids drying
theory are introduced. These are three heat andniass transfer resistances that can
alter the drying rater{) of a material when in contact with a hot surféfoe this
case, the material must be static). The three tneasfer resistances that any heat
supplied must overcome are known as: the contadtamce at the hot surfaag,),

the penetration resistance of the budky) and the penetration resistance of the

particle @). They are described as follows and shown scheaibtin Figure 2-2.

1 T,-T,
Contact: = (2-1)
Ays qo
: 1 To—Tp
Bulk penetration: —_—= (2-2)
Asp do
. . Ty —Ts
Particle penetration: — = (2-3)
ap Qzr

Where T, is the hot surface temperature (K),i3 the interfacial temperature (K)o q
is the heat flux into the bed (W) T, is the bulk temperature (K),sTs the
saturation temperature (K) ang. is the heat flux into the drying front (W
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The two mass transfer resistances that the vagmnoved must overcome are: the
permeation resistance of the particlgg @nd the permeation resistance of the bulk

(Bb), which are also shown schematically in Figure 2-2

1 —

Particle permeation: —= Ps , Py (2-4)
ﬁp m
1 —

Bulk permeation: —=fF (2-5)
B m

Wherepsis the saturation pressure at the drying front)(lgrbulk pressure (barj;

is the drying rate anglis the pressure in the drier (bar).
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Figure 2-2 shows the heat and mass transfer pagesrsthematically for a static bed

of particles.

Figure 2-2: Heat and mass transfer resistances irontact drying.?

When a static bed of particles is dried, all theadibed resistances lie in series.
However, at the beginning of drying there are ndigldy wet or dry particles in
contact with the hot surface and, therefore, thly oesistance that exists is the
contact resistanceay,;). The theoretical maximum drying rat@afi) is thus

controlled by the contact resistance and is giweaduation 2-6.

M= Aws [Tw - Ts(p)]
max Ahev (Ts)

(2-6)

Where T is the saturation temperature at presspiren the drier (K and bar,

respectively) 4he(Ts) is the latent heat of evaporation at the satunagonperature
(I kg?).

Measured drying rates for static beds of partialesmuch lower than the theoretical
maximum rate demonstrating that not only the cdntesistance is rate controlling.
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In contrast, when material is mechanically agitatadng drying, there is a random
distribution of wet, partly wet and dry particleepent, and because of this, the heat
and mass transfer resistances also form a randstnibdiion at any given time in the
drier. These resistances now lie partly in series gartly in parallel which lowers

the drying rate and makes the application of aabletmodel extremely difficult.

2.1.2.2 The proposed penetration model

The penetration theory assumes that a continuousgnprocess is replaced by
alternating imaginary unsteady mixing steps (witttidnal static periods followed
by instantaneous mixing periods). Each fictionatistperiod {g) is followed by
instantaneous macromixing of the bulk, again foldwby another imaginary static
period. During these static periods, a drying frisnsaid to be penetrating from the
hot surface (vessel wall) into the bulk (particlesjth all particles between the
heating surface and the front are said to be ddyadinparticles beyond the front are
wet. At each timeg the bed is perfectly mixed, however, the numbedrgfparticles
behind and beyond the drying front (relative to firevious timetg) will increase

which reduces the drying rate. A schematic repitasien of the imaginary periods is

given in Figure 2-3.

XXX XX
ozaaoo,, ,

XN a .
f/oz,aa/

PN X% zooe
ae-ww/

???T‘ i -
Start Before mixing  After mixing  Before mixing  After ming
@Wet particle —— —
f HEAT QO Dry particle Drying front

Figure 2-3: lllustration of penetration model?

A second assumption of the penetration model i$ Wizen all the liquid has
evaporated at the patrticle surface, only the comemistanced,, ;) and the bulk heat
penetration resistancery,) remain and that these are rate controlling. These

placed in series to give the overall summed resist#.y, equation 2-7).
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1 1 1
=—+ (2-7)
adry Ays asb,dry

A normalised drying rate (1) is then calculatedrfrthe ratio ofugy andea,,s which
is equal to the ratio of the actual maximum drymate (imay and thetheoretical
maximum drying rate already introduceg,:). The relationship is shown in
equation 2-8.

_ Qdry _ My _ 1

C Qws  max 1+ (VT2

(2-8)

The normalised drying rate is then used to desc¢hibegorocess at any given tire
and can be calculated using the relationship irdtheerm of equation 2-8, wherg

is the reduced contact time and is given by:

TR = NthermNmix (2-9)

NinermiS derived from predictable quantities suchogs the initial moisture content
(Xin) and initial bulk temperature £ Nnix is known as the mixing number, and is
the only term that needs to be fitted to experimlergsults. It is used to determine
the number of rotations of an impeller before thaterial has been ideally mixed.
Therefore, using equations 2-8 and 2-9, the dryatgr:(X) for any givenNpmix can
be predicted by a stepwise calculation as lonp@snitial moisture content ( and

initial bulk temperature () is known.
2.1.2.3 Discrete element method

A limitation of the penetration theory, by the auth own admission, is that it does
not account for random particle motion. The adveintnore powerful computers

since the original penetration theory was proposedwever, has made the
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calculation of particle motion feasible through thiscrete element method (DEM).
DEM has since become common place in the literatoreprocesses that require
particle motion such as blending or granulafidhlt has also been applied to the
modeling of heat transfer to particle bEd$ and has been described as “a modern

alternative to test and upgrade penetration modetsirying studies?

DEM is well established for purely mechanical pssms, however, is less
established for thermal processgsn fact, the application of DEM to drying was
quoted as “not been treated until now” in 2007,clhin the same publication, cited
the use of the technique as “having the potenfiaksolving the motion of every
particle of the bed, and in thermal version, a@lculating the change of temperature
due to every particle-particle or particle-wall drdction”*® To date, DEM for
particle drying applications has largely centeraccomputational studies of particles
in a rotary drum drier with no inserts. There ave parts to the computer code: the
mechanical part, which treats particle interactiassdynamic processes with states
of equilibrium occurring whenever the internal fescare balanced; and secondly,
there is the thermal part, which assigns each gbara heat reservoir, with heat
transfer through thermal pipes between individuatiples (or walls). These thermal
pipes are described by pow&®), and thermal resistance per lengih&nd length
(LP)2  Each active thermal pipe is described by the éguat

2-10 and the average heat flow per unit volungéé)() is given by equation 2-11:

® = — -
QW = -5 (2-10)
N
aql- 1
— = — @) -
G VZQ (2-11)
p:

WhereT is the temperature (K is the volume (1), p is the density (kg/ff), andN
is the number of active thermal pipes.
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These equations allow calculation of the partidetiple and wall-particle heat
transfer coefficients used in the DEM simulationkjch, at the time of writing only
allowed for the interactions of around 350 partiqer simulatiort™ ** **Such small
numbers of particles numbers are not representativeven small scale drying
processes at present; although, as computer pawéinges to increase along with
general knowledge in DEM, the ability to model @aer number of particles per
simulation will also increase, meaning it is likalyat DEM theory will eventually

become the commonly accepted theory discussedc iliténature.
2.1.3 Physical processes during drying

Whereas the removal of solvent during drying islwetumented, there is currently
only limited understanding of the impact of a dgyiprocess on crystal properties
and moreover, poor control of the phenomena thatirocComplications can arise
due to attrition, agglomeration, shrinkage, or adgting which can lead to chemical
degradation, and hydrate or solvate changes. Iryroases, the occurrence of these
effects may lead to a batch being reworked or lestirely as the particle

characteristics are no longer suitable for thenidéel use.

Attrition is a significant problem in agitated &lt driers as particles are subjected to
shear while being dried. Attrition causes a reducin particle size or a change in
the particle geometry. There are two main modesaibfition: chipping and
fragmentation. Chipping occurs when small segmehthe particles break off to
form a fine dust. Chipping not only leads to thelpems described, but can also
generate an explosive dust hazard in a manufagtuarea. Particle breakage or
fragmentation is more common in needle-shapedagbesti Here, the larger parent
particles break down into smaller daughter paiclaring a process. The processes
which lead to particle attrition have been studiatensively by Ghadiret al*>*8
and these authors have also recently began totigatsthe effects of particle drying

and its relationship with attritiotf.
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Ghadiriet al described a model for the chipping form of atintcaused by impact
with another particle or with vessel walls etc. two parts: theory and
experimentat® *® The authors attributed the crystal breakage metbalibsurface
lateral cracks, and developed a dimensionlesgiattrpropensity parameten)( to
describe the breakage phenomena. In the modetxtkat of breakage was related to
the material properties and impact conditions. fiélationship is given in equation
2-12:

_ pvilH

2-12
= (2-12)

U]

Wherep is the particle density, is the impact velocityl, is the characteristic particle
size,H is the hardness ar} is the fracture toughness. The calculatiom aflowed
for the calculation of the fractional loss per impdgg), determined by the
relationship:

m
Il

an (2-13)

Wherea is a proportionality constant.

The experimental section of the two publicationsved that, under a controlled set
of conditions (acceleration of single particlesotigh a test rig with fast imaging
camera), the model accurately predicted the exteattrition that occurred in MgO,
NaCl and KCI crystals (all cubic). Conversely, igitated filter driers, the impact
conditions cannot be controlled and are far lesdiptable. Ghadiriet al also
understood this was an issueand have begun woskrtolate breakage processes

that occur during drying, using DEf.
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Attrition in filter driers has been investigated bgkhal et al. who published two
recent articles. The first describes drying of wdtem potassium chloride (cubic)
crystals and the second, drying of water from ahreonine (needles) particl&s?
For their work, an 800 ml double jacketed vessed used to determine the effects of
temperature, agitation rate and pressure on drymng and final crystal properties.
The results agreed in some respect with the wor&laddiriet al. that attrition was
primarily caused as a result of shear; althougby thiso noted that agglomeration
was a competing process in drying systems as dt resgapillary forces in the
presence of liquid. They concluded that the extérdttrition was correlated to the
agitation rate, but also that all three factorsestigated contributed to the extent of
attrition. This was due to all three having direffects on drying time (which was
directly related to the amount of shear that plgiare exposed to).

Typically, in the pharmaceutical industry, a batal be dried for a length of time
under a set of conditions defined by a regulatdiygf, with product quality tested
off-line in a quality control lab. There are sigo#&nt disadvantages to this strategy,
however, namely the time lag between extractingaapte, transport to the lab,
analysing the sample, and conveying the pass/résillt to the operators. This
represents a significant loss in time in deterngnfrthe sample is dry or not; further,
if the batch is still wet, it will need to be driddr a longer period of time and
retested. Also, if the particle characteristics fmend to have changed, there are
implications for additional energy and materialsstsp as well as a delay in
manufacturing. There is thus a significant potérgein if: a) the drying end point
could be determined in real-time to prevent agitatof the particles that is not
required and b) particle attrition could be detdate real-time to avoid significant
particle breakage occurring by putting measurgglace to prevent it. In this work,
the use of non-invasive Raman spectrometry andir@f-particle size analysis

allowed the investigation of both concurrently.
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2.2 Raman spectroscopy

Raman spectroscopy is used to measure the vibahtinodes in a system, and has
become increasingly popular in the pharmaceutradlistry. It allows for rapid, non-
destructive measurements with no sample preparatieaning it can be used on- or
in-line to gather real-time information from a pess’’ The Raman effect was
discovered in 1928, by Raman and Krishnan, andrecgen monochromatic light
from an incident laser beam is in-elastically ssral when directed at matter (solid,
liquid or gasf? The in-elastically scattered light is dependenttba chemical
structure of the molecule analysed and can bereithienger or shorter wavelengths
to the incident beam. The Raman processes, howawemherently weak with only
1 in every 18 — 10 scattered photons being in-elastically scatteFedthermore,
fluorescence can interfere with the Raman processng spectra difficult to collect.
Thus, it was not until advances in computer teabgyl detector sensitivity, near-
infrared lasers and holographic optics in the 1a880s which overcame these
fundamental problems that Raman spectroscopy becameommonly used
technique. Since then, further developments inceptiave also allowed for rapid

collection of a large spectral range, with widantination of the sampling area.

A Raman spectrum is plotted as scattered intemgjgnst wavenumber shift (from

the exciting line), and is obtained by irradiatmgtter with a laser of visible or near-
infrared monochromatic radiation. The laser ligmtrt promotes the molecule to a
“virtual” excited state for a very short period tine before relaxation produces a
photon which is subsequently collected and analysed spectrometer. The overall
scattered radiation consists of three parts: ekbti scattered photons (termed
Rayleigh scattering), where the scattered photamge lthe same energy as the
incident beam, and two in-elastically scatteredtphacomponents (termed Stokes
and anti-Stokes scattering) that bracket the Rglylddand symmetrically. These
processes along with the absorption processes fira-ieéd and near-infrared

spectroscopy are shown schematically in Figure 2-4.
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From Figure 2-4, Stokes scattering occurs when cotds in the ground vibration
state (V = 0) absorb a photon of energy and re-emits a photon of energyd
Wwib) Wherew, is the energy of the excited vibrational state (¥)=If the molecule is
in an excited vibrational state (V = 1), the saatlephoton can gain energy when
emitted (hto + wip), leading to anti-Stokes scattering. Stokes scattas typically
analysed in chemical analysis as it is more intéhae anti-Stokes scattering due to
materials being mostly in their ground states wlaralysed. The number of
molecules in either the ground state or first \ilorzal energy state at any given time

is determined by the Boltzmann distribution andakulated from equation 2-14:

Nn In [_(En - Em)]
= I ooyp |[—2 12 2-14
N exp T (2-14)

9m

WhereN, andN,, are the number of molecules in #eited and ground vibrational
energy states, respectivety, andgn, are the degeneracy levels of the energy states,
E, - En is the difference in the energy between the vibreti levels,k is the

Boltzmann constant anflis temperaturé®
2.2.1 Classical Raman theory

Raman scattering is a two photon event, involvingnaident and a scattered photon.
In contrast to mid- and near-infrared absorptioecscopies which are single
photon processes that induce a change in the dpofeent of a molecule with

respect to particle motion. With classical Ramasotly, a change in polarisability)(

of the molecule with respect to its vibrational motoccurs. The incident electric
field, E, interacts with the polarisability creajiran induced dipole moment, of

magnitude P in the molecule (refer to equation 1%
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P = qFE (2-15)

The electric field leads to a distortion of theaffen cloud in the molecule, if the

field is supplied by electromagnetic radiation &guencyyo (Hz) then,
P = aEycos(2mvyt) (2-16)

wheret is the time andg, is the maximum electric field strength. Therefafehe
irradiated polarizable molecule is vibrating atguencyw,i, (Hz), then its distortion

from its equilibrium positiong, will be given by,
q = qocos(2mv,;t) (2-17)

whereqp is the maximum possible distortion. If the distonticauses a change in the
polarisability, and it is assumed that the variati® linear and the amplitude of the
displacement is small, the polarisability of theipaically distorting molecule will

become;

Sa
a= ay+ <E> q (2-18)
0

Where, the polarisability of the molecule at edwilim isoo and the rate of change
of that polarisability with distortion around theuwlibrium structure is(do/og)o.

Therefore, the variation in polarisability as theletule vibrates is given by:
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da
a= ay+ <E) qocos(2mvy,pt) (2-19)
0

Therefore, substituting equation 2-19 into 2-16egiv

P = ayE, cos(2mv,t) + (‘;—Z) qocos(2mvypt)cos(2mvyt) (2-20)
0

Using the product of two cosines rule, equatiordZ2n be rearranged to give:

P = ayE, cos(2mvyt) + @(6—0{) qo cos[2m(vg — Vyip)t] +
2 \é&q/

(2-21)

Eg

S
> (5¢). 4o cos(2m(vo +viup)t]

&q

Equation 2-21 has three terms describing eacheo$cthttering events that are known
to occur, the first term containg which describes the Rayleigh scattering and is
much more intense than the second and third tdraisdescribe the Stokés — wip)

and anti-Stokeévo + wip) processes, respectively. Stokes scattering isdiljpimore
intense than anti-Stokes scattering, however ghiet explained by classical Raman
theory, instead consideration of the Boltzmannritistion is required (equation 2-
14).
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2.2.2 Intensity and fluorescence

The intensity of Raman signalg) observed for a given molecule is given by the

following equation:

Ig = ki, a?v* (2-22)

wherek is constant]eis the intensity of the excitation beamijs the polarisability
andv is the frequency of the laser. Therefore, by vayythe intensity or frequency
of the excitation beam, the measured intensity technically be optimised.
However, fluorescence is often encountered when d@Rammeasurements are
recorded, and due to the relatively low number am@n scattered photons
compared to the efficient fluorescence processrdéiscence can often dominate the
spectra. Fluorescence is observed when the endrthyeancident photon is high
enough to promote the molecule above the virtuatggnstate described in Figure 2-
4 into one of the vibrational energy states of eslectronic energy level. Internal
relaxation processes take place before the fluenegcprocess occurs, which relaxes
the molecule back to its ground state. In orderettuce the effect, modern Raman
spectrometers allow users to vary the laser poaed in doing so, reduce the
intensity of the incident beam, and thus, redueeethergy of the irradiating photons
(reducing the number of molecules excited into 1fieslectronic energy level). Of
course from equation 2-22, if the laser powey (s decreased then the number of
Raman scattered photorg)(will also decrease, however, advances in theectiin
optics efficiency (such as increasing the numbercafection fibres) will often
compensate for the reduction Raman signal obsefuathermore, developments in
laser technology has produced NIR lasers (785 &JiedL000 nm (Nd:YAG)) which
has further reduced the degree of fluorescencefentmce observed in Raman

spectra.

33



2.3 Particle size and shape analysis

In the pharmaceutical industry, particles rangsize from nanoparticles in colloidal
suspensions to millimeter sized granules, depenointhe method of administration
of any given product. The size and shape of thesgcles can have a significant
impact on critical parameters such as the manufagiuprocessability (flow,
compaction, blend performance etc.) or qualityilaites (dissolution and drug
release rate, bioavailability etc.) that ultimatdlgtermine the safety and efficacy of
the drugs?® The typical particle size of powders used in d@gage forms (like those
that are dried in vacuum filter driers) are typigah the 100 — 200 um range, as
these are required for the correct compaction iehawnd powder flow properti€§.
An important question then must be asked: what daE30 — 200 pm range actually
mean? The answer: it depends on the particle sialysas technique used to collect
and analyse the material. Here, the theories f@eteommonly used techniques are
described (laser diffraction, Focused Beam Reftetdvieasurements (FBRM) and
dynamic image analysis), however, first some funelatiads of particle size and

shape analysis are discussed.

Particle size is typically reported as single valoea range of statistics that are used
to represent the measured distribution. There amanaber of statistics that can be
quoted, such as: means (which vary depending omvélyethey are calculated), the
median, which divides the population into two eqgoalves, or the mode, which is
the most common value of a frequency distributiéor a Gaussian distribution of
particles, these three averages are equal. For naaas, two commonly quoted
values can be used to describe the same distnbaftiparticles, these are the surface
weighted mean (or D(3,2)) or the volume weightecamér D(4,3)). Therefore, for
a range of spheres of say 1, 2 and 3 um, each cagelpe calculated usirfg:

34



1P+ 23+ 3°

D(32) = ————s = 2.72 2-23
B = s Hm (2-23)
1*+ 2% + 3%
- = - 2-24
D(43) = 53733 = 257um (2-24)

Further to this, values such as the D(0,1) and9)(@orresponding to the Taand
90" percentiles of a measured distribution, are offeoted alongside the calculated

averages in order to describe the polydispersithefistribution.

Consideration of particle shape is also of extrgntegh importance, as for non-
spherical particles there are a range of diamehens can be used to describe any
given distribution of particles. With laser scattgrtechniques like laser diffraction
and FBRM it is not possible with current algorithtosobtain information on particle
shape from the scattering patterns. With image yaisgl however, a range of
diameters can be used. For example there are éeplivphere diameters, which can
be based on the same minimum, maximum or averagghlethe same volume, or
the same specific surface etc. Although for paticwith a high degree of
asymmetry, these may not be particularly suitabte.these particles, distributions
based on the maximum (and or minimum) dimensiothefparticles would prove
more representative. The measured dimensions fnoage analysis can be used to
guote averages/ percentiles etc., as these arelatald independently of the

technique used to generate the data.
2.3.1 Laser diffraction

Laser diffraction (LD) is commonly used in the phaceutical industry for particle
size analysis as measurements are generally sandlguick, and instrumentation is

also cheap. For LD measurements, the scatteririgrpatof particles are measured
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onto a semi-circular detector made up of concetigitt sensitive diodes, with a
measured scattering pattern being inversely prapw@ito the mean diameter of the
scattering particlé® Figure 2-5 a) and b) shows an example energyildlision of a

spherical particle with radius and a schematic representation of a LD semidarcu

detector.

\m @2\

Dimensionless diameter (x)

Light intensity (I) &

Figure 2-5: a) Energy distribution of spherical paticles with radius r, and b)
schematic representation of semi-circular detectormade up of concentric

rings.?

Once the scattering patterns are collected, a auatibn of Mie (for fine material)
and Fraunhofer (for coarse material) theories lae@ used to convert the measured
signal into particle size distribution data. Botledries are mathematically complex,
and as such have limitations such as the consideraf spherical particles only.
Fraunhofer diffraction theory is valid if the folling are met: i) the wavelength of
the illuminating light is much smaller than theesf the particles, ii) the intensity of
the illuminating light is homogeneous over the jo#at iii) the measured particle is
opaque, and iv) the refractive index of the pagtidiffers significantly from the

surrounding medium (the refractive index of bothsibe known for accurate
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analysis)®® For a single particle, the dimensionless diamétdrom Figure 2-5 of

the measured pattern) described by Fraunhoferyhegiven from:

(2-25)

Wherer is the particle radius is the radial distance in the detection plane nneas
from the optical axis} is the wavelength of light arfelis the focal length of the lens.
Figure 2-5 and equation 2-25, however, only relatihe measured scattering pattern
of one patrticle, whereas, in reality, the light myyefalling onto the semi-circular
detector at any given time is the sum of contrimsgi from all the individual
particles. This makes the scattering patterns Hgtabserved in LD measurements
more complicated, and therefore, the total lighgrgg distribution for a suspension
containing a collection of particles of differeites is expressed in matrix form, as is

described by equations 2-26 and 2-27:

LG) =wW(@.T(j) (2-26)

WherelL()) is the light energy falling on the ringy(i) is the weight fraction of the
particles in the size rangeandT(i,j) is the scattering matrix for spherical particles
containing the coefficients which define the ligittergy distribution (similar to
Figure 2-5 a)) for each particle size range. Equafi-26 is solved by assuming a
value forW(i) and calculating a theoretical value 1qjf) using the appropriaté(i,j)
matrix for a given set of experimental parametéiee theoretical (j) is compared
with the experimentally measured value and the meaigstribution is then iteratively

adjusted until the sum of the squared errois(jpreaches a minimum:
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min |Z(L(j) —W(@). TG, ))? (2-27)

The weight distribution is then determined by irsien of theT(i,j) matrix, and
hence the success of the approach is dependehe@tturacy of the inversion step

and the accuracy of the light scattering md@el.

Mie theory is applied to the diffraction data frdime particles that are similar in size
or smaller than the laser wavelength. Mie theol$® subject to some assumptions,
namely: i) the particles are spherical, ii) the pamsion is dilute (no multiple
scattering effects), iii) optical properties of tharticles and surrounding medium are
known, and iv) the particles are homogenous. Tkert) first developed in 1908 is
based on solving the mathematically complex Maxwgliations and describes the
scattering pattern of the measured particles bagsettheir absorption and scattering
coefficients. To achieve this, the refractive indhfterence between the particle and
the dispersing medium is used to predict the internsd the scattered light. The
theory also describes how the absorption charatteyiof the particle affect the
amount of light which is transmitted through thetjoée and either absorbed or

refracted’:

The limitation of that LD theory, namely it was @beped for only spherical
particles is well documentéd=" 3% however, anisotropic particles are also
commonly analysed by LD techniques, but scattepagerns differ greatly from
those of spheres. Figure 2-6 shows examples ofileéétl scattering patterns for a) a

spherical particle and b) a square shaped pafficle.
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Figure 2-6: Calculated scattering patterns of a) dperical particle and b) square

shaped particles taken from 34.

These scattering pattern differences creates g&gnif ambiguity in relation to the
matrix T(i,j)) used to determine the measured scattering patfermsnisotropic
particles, however, this is often overlooked due ttee simplicity of the
measurements. Although, there has been work castietb develop methods for LD

measurements of anisotropic particles®*

at the time of writing, there is no
commercially available algorithm that allows forrfiele shape to be considered as

well as patrticle size for LD measurements.
2.3.2 Focused beam reflection measurements

FBRM can be used to measure the chord length ldigiton of a suspension of
particles. In the pharmaceutical industry, it isegominantly used to monitor
crystallisation processes situ, however, it can also be used as a laboratorysisal
technique®®™? Furthermore, recent developments in FBRM technolbgve also
allowed FBRM probes to be inserted into processksrevthe particles are not in
suspension, such as granulatfdfi® A visual representation of the measurement
principle of FBRM is given in Figure 2-7.
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Figure 2-7: Visualisation of a) chord discriminatims and b) — d) signal

processing for FBRM measurementé’

When laser light interacts with a particle, ligltattering occurs. The principle of
FBRM relies on some of the scattered light tramgllback into the measurement
system where it is detected. For this to happgaracle moves perpendicularly into
the view plane of the laser beam (a) in Figure ;2when this occurs, spot light
reflections on the particle surface cause variaitiothe light scattering intensity (b)
in Figure 2-7). In order to minimize these effedtse scattered light intensity is
filtered which results in a mean scattering signdlere a threshold scattering
intensity can be set (c) in Figure 2-7). The triggeactivated when the scattering
intensity rises above the set value and is resenwthfalls back below the threshold
intensity (d) in Figure 2-7). The time differencetlveen these two events {t ;) is
recorded and multiplied by the laser velocity tguie in the path length (S). An
assumption is then made that the particle velositiow compared to the laser’s
rotational velocity (described in section 3.3.3)daherefore the path length of the
laser is identical to the chord length of the meadparticle. Each of the measured
chord lengths are then sorted into a histogrant) egich measurement given after a
certain predefined time intervdl.Results can then be interpreted in counts per
second or total counts per measurement. As FBRMrtepthe chord length
distribution of particles, particles are thus meeaduindependent of their shape.
However, anisotropic particles are known to adopérage orientations when

suspended in solution, and hence, particle shapé&aee a significant impact on the
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measured results. There has been significant @séato modeling the effects of
particle shape in FBRM>' however, as with LD measurements, at the time of
writing there is no known commercial software tiatorporates the influence of

particle shape on the measured chord length disitoifis obtained by FBRM.
2.3.3 Dynamic image analysis

Dynamic image analysis is emerging as a populémigae for particle size analysis,
as it allows for simultaneous size and shape aisalysterms of theory, the basis of
measurement is simple: particles are suspendedligparsing medium (which can
be carrier gas or solvent), and then passed thr@ugheasurement zone where
images of the particles are recorded. The imagafgvare calibrates the length of
individual pixels of the recorded images to paetisize and then evaluates each
recorded image based on user defined inputs (ysimatlose to real-time). In this
study, three common statistics were evaluated, haméhe equivalent projection of
a circle (EQPC) with the same 2-dimensional arethasrojected particle, ii) the
longest maximum dimension between two parallel ¢atg) (Feret Max), or iii) the
shortest possible dimension between two paralleyjdats (Feret Min). These are

shown pictorially in Figure 2-&

EQPC A 1

O Feret Max Feret Min

Figure 2-8: Schematic representations of the sizeedcriptions used for image
analysis. The EQPC diameter is estimated as the digeter of a sphere with the
same 2-dimensional area as the projected particlen ithe recorded image. The
Feret Max and Feret Min diameters are the longest rad shortest distances,
respectively, between two parallel tangents on oppite sides of the projected

particle.>
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2.4 Design of experiments

2.4.1 Factorial design

During the completion of this work, a 2-level, 3ffar, full factorial design of
experiments with two categorical centre points wasied out. Full factorial designs
are mainly used for screening, determining theugrice on a number of effects on a
response, or to eliminate factors that are notifsegmt for future analyses. For each
factor, a high and a low level are selected (egsitering temperature, 40 and 60 °C
could be selected for the low and high levels, eespely) and then a standard
design is formed varying each of the defined factonich creates a design space. A
standard 2-level, 3-factor design with categoricantre points is shown
schematically in Figure 2-9.

high
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low high
low high
High high
low
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N high
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low @c‘o 18
low Factor 1
low low
low
high

Figure 2-9: Schematic representation of 2-level, factor full factorial

experimental design with 2 categorical centre poirst

Categorical centre points are used when one offdb®rs being analysed is not
numerical (i.e. such as agitation type, which caly de continuous, intermittent or
not employed). Therefore, the centre points cabeqtlaced directly in the centre of
the design space cuBt.
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2.5 Data Analysis

2.5.1 1% derivative transformation

Throughout the duration of this work, & derivative transformation was generally
applied to any spectral data to reduce baselireesfin the spectra. In spectroscopy,
derivatives are used to measure the rate of chantjee gradient of the slope in a
spectrum, which acts to resolve overlapping pealg (n NIR spectra). In this work,
derivatives were applied to remove any baselinésskl® derivative) or baseline
slope (39 derivative) that are present in a given data sety(data using a Sl
derivative transformation is reportet)The £'and 29 derivative transformations are
illustrated for a single spectrum in Figure 2-10.
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Figure 2-10: Schematic representation of SLand 2" derivative transformation
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processes.
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2.5.2 Principal components analysis

Principal components analysis (PCA) is a multivarieghemometric technique that is
used to reduce the number of variables in larga dats into a smaller number of
abstract, latent variables, known as principal comemts (PCs)* The PCs are
calculated from the original data and must refiectunderlying structure, both in
terms of the relationships between the differenhas and the measurement
variables. For any given matriX), the data can be considered as two separate
component matrices, these are: the underlying tstreicof the data, or “model”
matrix (M) and associated error matri&)( with bothM andE matrices having the
same dimensions as(equation 2-28). The result of successful PCA dgumsas the
model matrixM, into two smaller matrices known as the scores mdff) and
loadings matrix IP), where superscript T represents the transpoieeahatrix, as is

described by equation 2-28:

PCA
X=M+E — X=(TP))+E (2-28)

The scores matrixXT]), describes any sample patterns that are presdheidata set
and the loadings matrixP{) describes any relationships that exist between th
individual measurement variables. The number of RRGsired to describe X is often
far fewer than the number of measurement varialwhgsh results in a scoré;)(and
loadings ;) vector for each PC and the residual error mats¢,is described by
equation (2-29):

X=tpl + t,pl ++ tupl + E (2-29)

PCA is usually applied to data which has been meamtered, which is the
subtraction of the column mean from each colummnhe data matrix (in spectral
data, the mean spectrum is thus subtracted frorh eatividual spectrum)® By

mean centering data prior to the application of PQGhAe absolute intensity
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information from each variable is effectively notliead, allowing the algorithm to

focus solely on describing the variation betweendpectra in the data set.

In this project, the techniques described here haesn applied to a drying process of
an excipient material (cellobiose octaacetate) tarithe unit operations of an active
pharmaceutical ingredient in development. For exanp situ Raman spectrometry
was used to monitor the processes in real-time ywdhicle size measurements
applied off-line as reference measurements. A desigexperiments approach was
employed to create a design space, so that thresbledrying parameters could be
examined to determine their effect on the lengttrging time and extent of attrition
that occurred. Derivatives were typically appliectie measured spectroscopic data
so that effects in the baselines of the spectra weduced. PCA was applied to the
measured Raman data to determine if physical irdtion could be extracted from
the spectra that was not derived from univaria@ysis methods. Before the results
of the experiments are discussed, the equipmesttumentation and materials used

to carry out the work are described in Chapter 3.
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3 Equipment, instrumentation and materials

3.1 Introduction

The research performed for this work has largelplved the use of a laboratory
scale vacuum filter drier, and the application péaroscopic measuremermtssitu
using a range of both in-line and non-invasive méghes. In situ spectroscopic
measurements obtained during vacuum drying enatlestigation of the physical
processes that the particles are subjected toglthieoperation. In addition, off-line
particle size analysis was performed after dryingswcompleted using laser
diffraction, FBRM, and dynamic image analysis. mstsection, the equipment,

instrumentation, and materials used throughouptbgect are described.
3.2 Equipment

3.2.1 Bespoke drier

The design of the bespoke lab scale drier (GPBBkdfordshire, UK) was based on
the other laboratory scale filter driers used akKGStevenage, UK. The chamber of
the vessel has an internal diameter of 15 cm dliithelume of approximately 2 L
(with an approximate capacity of 1 kg dependinglmbulk density of the material
to be dried). The outer wall of the vessel was mafdglass and it had a glass jacket
(starting around 2.5 cm from the base of the diret ending approximately 2 cm for
the lid) that was filled with circulating siliconiloExternal control from a heater-
chiller unit (Hakke DC5/ K20, ThermoHakke) ensurdte jacket temperature
remained constant throughout experiments. The iempesed during drying had two
angled retreat blades set 180° apart and was doye@nmechanical stirrer (IKA RW
20 digital, IKA works, Wilmington, USA) through &1l gear box positioned at 90°
to the vessel (mixing speeds of 10 or 20 rpm weerlun drying experiments). The
lid of the vessel was made of PTFE and had fivdaspavailable; a sixth port was
connected to a nitrogen cylinder so that pressiiration experiments could be
carried out. Spectroscopic measurements could lleusnade using either direct
insertion probes through one of the free porthelid, or non-invasively through a

50



glass window in the lid or the glass wall of thes®l beneath the jacket. A schematic
representation of the drier showing the possibb@rmeasurement positions and

orientations is given in Figure 3-1.

« PPAT probe
position 1,
(Chapter 5)

D'1ref:t insertion __
in-line probes

f
Oil jacket out 4—[::]

Oil jacket in s
1
10 "~

t
PPAT probe
position 2,
(Chapter 6)

= -

Figure 3-1: Schematic representation of bespoke di showing the possible
probe positions and orientations for the non-invasie Raman PAT probe or in-

line NIR probe.

Due to the adhesiveness of wet particles and thauwely small internal diameter of

the vessel, the use of direct insertion probesneastudied in detail due to extensive
fouling of the probes and also a baffle effect tiatupted the mixing process of the
wet particles. The base of the drier was connetdesl vacuum line with a solvent

reservoir and cold finger trap; the line could batshed between each using taps
that were placed in the line. Vacuum (held betwd@r- 100 mbar) was achieved
using a vacuum pump (Edwards, Crawley, UK) and ghessure was monitored

using a Pirani gauge (Edwards, Crawley, UK) inlthe. The set-up of the vacuum

line is shown in Figure 3-2.
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Figure 3-2: Schematic representation of the vacuuiine employed for vacuum drying experiments showinghe N, cylinder,
solvent reservoir, cold finger trap, Pirani gaugetaps and vacuum pump.



3.3 Instrumentation

3.3.1 Kaiser Rxn 1 spectrometer

A Kaiser Rxn 1 Raman spectrometer withAP probe technology was loaned to
Strathclyde University by Clairet Scientific in @mdto carry out non-invasive
measurements of the drying process. A schematieseptation of the inside of an
Rxn Raman spectrometer is given in Figure 3-3pWdd by a short description of

the role of each of the important components.

' Ty
ccDh
Camera
Spectrograph  : Pre-Filter \
Stage . Stage
Camera
“ lenses
- Notch
Slit Filter

Transmission
Grating

/

Figure 3-3. Schematic representation of the individal components inside the

Rxn Raman spectrometer:

The path that the light from the sample followsotigh the Rxn 1 AT system

spectrometer is divided into two sections: firstlye light passes through a pre-filter
stage to remove as much of the Rayleigh scatterédedlected light as possible, and
secondly, the Raman scattered photons are thererdexp and detected in the

spectrographic stage, using a transmission gratcitarge coupled device (CCD).
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3.3.1.1 Pre-filter stage

As the collected Rayleigh and Raman scattered pBosémter the spectrometer, a
notch filter operates as a wavelength selectiveanthat reflects a narrow band of
wavelengths with high efficiency, while transmigimll other wavelengths, again,
with high efficiency. A notch filter has significaadvantages over edge filters that
were used in older Raman spectrometers such ad:tggmsmission either side of the
Rayleigh line, sharp spectral edges, a high dantlgshold and good stability.
Furthermore, holographic notch filters have a msitioother transmission curve and
narrower rejection bands than their dielectric ¢egparts, giving much superior
performance. A typical Rxn 1 holographic notchefiltallows bands at around
175 cm to pass the filter, however, by tilting the filtéhe rejection band can be
lowered to lower frequencies that can allow bansisclase to 40 cth from the
exciting laser line to pass. Once filtered, theiaton is then focused onto the
spectrograph entrance slit which acts to minimiettansmission of stray light into

the spectrograph as it enters the dispersion Stage.
3.3.1.2 Axial transmissive spectrograph

As the filtered light enters the spectrograph stageasses through a multi-element
lens before passing through the second of the hapbic components of the
spectrometer: a holographic transmission gratinge Tholographic transmission
grating facilitates the instantaneous collectiontlad entire Raman spectrum with
high spectral resolution without the need for mgviarts required for scanning
grating systems. As a consequence, higher sampiatgs, and thus, higher
throughputs can be achieved whilst reducing theipdgy of sample damage from
the laser. As the light enters the grating, itlifracted at an angle close to 45° so
that the diffracted light is forced into the +1 erdor highest diffraction efficiency
(based on Braggs law of diffraction). The diffratteght then passes through a
second multi-element lens where it is simultanegpfstused onto a 2 dimensional
thermoelectrically cooled CCD detector which resattte Raman spectrum.
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3.3.1.3 Charge couple device (CCD)

The CCD has 1024 pixels along the spectrographedigm axis and 256 pixels
along the slit height entrance (each pixel is Z&x»1m), which means each spectrum
Is recorded in 2-dimensions. CCD detectors utiliee movement of electrons from
the valence band to the conduction band withinlieosi lattice leaving an electron
vacancy known as a hole. Whereas the electron aledwould typically recombine
rapidly, the recombination is prevented by forcthgm apart using an electric field.
The electrons are then passed through highly dsitiedn electrodes known as gates
where they are immobilised in a “potential well’hd CCD detector is a 2-
dimensionsal array of wells (or pixels), where thember of electrons collected in
each well is directly proportional to the numbepbbtons incident on a given pixel.
In spectroscopic CCD detectors, one dimension ®fGRD chip is used to collect
the spectral information whereas the other dimensian be used to determine
spatial resolution. Each column of potential wehsis corresponds to a different
wavelength. It is often the case that vertical [six@&re added together during the
“readout” from the array (due to the collected srad light filling more than one
row on the chip), and this results in a larger aigreing obtained. For"RT probe
measurements, the 256 pixels are divided into seébiee which are typically
summed to give the overall spectrum, but can b&ddaat individually in newer
probes where the n-around 1 probe design (desciibeskction 3.3.1.4) is not
randomised. The readout process involves the elestfrom each potential well

beings digitally converted for storage in a comptite
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3.3.1.4 P"AT probe

The PAT probe has a focal distance of around 25 cm avatiable spot size of 1, 3
or 6 mm depending on the lens positioned the enth@fprobe optical setup. An

image of the probe is given in Figure 3-4.

3) 2)

Figure 3-4: Image of the PAT probe head. 1) interchangeable lens, 2) fibre

optic strain relief connector 3) fibre optic cable®

The PAT probe system was designed so that it was “easyafnon-specialist to
use”}! this was achieved by intelligent design that aigwoint-and-shoot sampling
without adjustment or alignment of its internal gmments. The excitation and
collection components of the probe are containgtlinithe fibre optic bundle and
adopt an ‘n-around-1’ formation as shown in Fig@rB a) for a generic probe. A
schematic of the actual internal components of RM&T probe is then given in
Figure 3-5 b) demonstrating the path that the sgiand scattered light follows
during a measurement. In the PhAT probe, A singitation fibre is collimated and
passed through a band pass filter where any Rana@tesng generated by the silica
fibres is eliminated. The laser light is then diegtat the samples using mirrors. The
collected light is then passed through a notchrfithere the Rayleigh scattered light
is stopped allowing only light at shifted waveldmgto pass. The Rayleigh scattered
light is then focused onto the randomised bundl&Gtollection fibres where it is

transferred into the spectrograph along silicorefiiptic cables.
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Probe-tip end Collection fibres aligned Excitation
along slit height fibre

25cm

Figure 3-5: a) Schematic representation of an n-atond-1 probe design, showing
both ends of the fibres (6 collection fibres showmepresent the 50 actually
contained in the probe! b) Schematic representation of the internal compants

of the Kaiser P'AT probe. 1 excitation fibre, 2 short focal lens whre laser light

is collimated, 3 band pass filter, 4 mirror, 5 wavkength selective reflector (edge
filter), 6 exit window, 7 Sample lens, 8 sample, ®otch filter, 10 focusing lens, 11
collection fibre bundle, 12 fibre optic cable, reddashed line is the exciting laser,
blue dashed line represents the Raman scattered tig*
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3.3.2 Malvern Mastersizer (laser diffraction)

For laser diffraction (LD) measurements, a Malvéfastersizer 2000 was used,
however, there are many other manufacturers ofisirumentation and, therefore, a
general overview of the instrumental set-up is @led, rather than the specific
contents of the Malvern instrument. A schematicesentation of a typical laser

diffraction instrumental set-up is thus given igiiie 3-6.

Trangtform

Lens

—
n \
LASER & ‘ ) 555 Photodiode

V -

Beam "
Expander
Sample U
Cell
Zone Plate Detector

Figure 3-6: Schematic representation of a typicaldser diffraction instrumental

setup?

In LD instrumentation, the light source is invatiala 632.8 nm HeNe laser with

power ranging from 2 — 10 mW. The beam must fiegspthrough a beam expander
to ensure a uniform beam of about 5 — 10 mm in dtamallows an adequate sample
volume to be illuminated (the beam diameter atgberce is around 1 mm). The
widened beam then passes through a zone platertimaie unwanted scattering and
diffraction (aberration) generated by the opticsgd dransmit the central intensity

maximum of the incident laser beam. The expandemnbis then allowed to pass
through the sample cell (containing 2 — 20 mm dpsmded sample), which is

normally mounted at an angle to reduce back redlestfrom the cell windows. The
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scattered light is then passed through a transfens which images the scattering
pattern onto a diode array detector. The signalrticular position on the detector
is determined only by the intensity of the lighatlnas been scattered at a particular
angle irrespective of the position of the scatgniarticle’> The theory of LD has
already been described in detail in Section 2.2d &ill not be discussed further

here.
3.3.3 Focused beam reflectance measurement

Focused beam reflectance measurements (FBRM) vegfermed using Lasentec’s
laboratory scale probe (now produced by Mettler edo). A schematic

representation of an FBRM probe is given in Figkia

Detector 4 | Laser diode

h 4

i Beam splitter
% - T
Y —

Optics rotating
at fixed velocity

e
i [Duration of reflectance = chord length
(=2 Sapphire window

Figure 3-7: Schematic representation of the FBRM pwbe and measurement

principle.®

In FBRM instrumentation, light from a diode las@BQ nm) passes through a beam
splitter when entering the probe. The laser ligeintencounters probe optics that are
rotating at a fixed velocity (normally 2 — 6 swhich focuses the laser at a point
near the probe window. The reason for the rotatipiics is to ensure that the laser
spot is moving faster than the particles in suspensnd in doing so significantly

reduces the probability of multiple measurementshef same particle. The probe

then collects the back scattered light from thdigas, with the duration of each
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collected backscatter translated to give the cHerdjth of each particle. Each
measurement is carried out for a defined amoutitadf and data are presented either
as the chord length distribution, the total coypgs measurement versus time, or the
counts per second versus tim&The theory of FBRM has already been described in
detail in Section 2.2.2 and will not be discussathier here.

3.3.4 Sympatec QICPIC (dynamic image analysis)

The majority of dynamic image analysis particlees@easurements were performed
using Sympatec’s QICPIC, a schematic representatidhe QICPIC instrumental
set-up is given in Figure 3-8 (Micromeretic’'s Pa#i Insight and the Particle
Imaging Measurement System (PIMS), which was deeslat GSK, were also used

for dynamic image analysis in some experiments).

dispersing unit

adaptable beam imaging
pulsed light expansion unit ojectives
source S ¢ T | camera
A i L
- <A H—Af—— Hi-Sx T -
! . | | !
| — el L |

particle flow

Figure 3-8: Schematic representation of Sympatec’QICPIC dynamic image

analysis particle size analysis instrument.

For image analysis measurements, a dispersionrb€lpa is created either using a
flow through cell as with LD measurements (wet drsppn), or by accelerating the
particles through the measurement zone using ardiffial in air pressure (ranging
from 0.2 — 3 bar, dry dispersion). As the partigess through the measurement
zone, 2 dimensional images are focused onto amdded by a CCD detector (1024
x 1024 pixels) at frequencies of up to 500 frames gecond. The imaging lenses

used to focus the particles onto the CCD only ranhBght that is nearly parallel to
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the optical axis, which ensures that edges of thtigles are detected precisely.
Furthermore, to ensure that the particles appadic sturing analysis, a pulsed light
source with exposure times of < 1 ns is employ@tie theory of dynamic image
analysis has already been described in detail icti®de 2.2.3 and will not be

discussed further here.
3.4 Materials

3.4.1 Cellobiose octaaceate

D-(+)-Cellobiose octaacetate (COA) was selectedrny obtained from GSK, UK to
be used throughout the duration of this work (agseudo active pharmaceutical
ingredient (API)). COA patrticles exist as white,oadess needles with high aspect
ratio (length divided by width). The physical chagristics of COA (such as low
bulk density and crystals of needle-shape morphwlage similar to typical APlIs,
however, the powder is not active and does notireguny specific controls in order
to be handled in a laboratory. Furthermore, COAy twals one known polymorph and
no known hydrates, and therefore, the effects witiah and agglomeration during
drying could be solely investigated. This made C&nAideal candidate for the work
described here and had previously been studiednaltg at GSK in early attrition
trials (not reported). The chemical structure @ tompound is given in Figure 3-9.

<%

<{ o

Figure 3-9: Chemical structure of D-{)-cellobiose octaacetaté’
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3.4.2 Microcrystalline cellulose (Avicel PH-101)

Avicel PH-101 microcrystalline cellulose is puriie partially depolymerised

cellulose that occurs as a white, odourless, &stelcrystalline/ granular powder
composed of porous particles. The granular natéiteo compound made sieving
possible into well-defined size ranges using meidah@agitation and 10 cm diameter
brass pan sieves (Endcotts Ltd, UK). This meant #acel could be used as a
reference material in the comparison of particlee sanalysis techniques when
applied to the measurement of COA (described inp@mat). The chemical structure
of Avicel PH-101 is shown in Figure 3-10.

HO
Or—H
HO on "
0O
OH OH
HO/_ OH 1

Figure 3-10: Chemical structure of Avicel PH-101 ngrocrystalline cellulose™®
3.4.3 Methanol

Methanol was used as the solvent media in dryiqgeements due to it being the
anti-solvent used in the recrystallisation prodessCOA (due to the low solubility
of the powder in the solvent). Methanol is a vdgatiicohol with a boiling point of

65 °C at atmospheric pressure.
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4 Comparison of particle size analysis techniques fameasurement

of pharmaceutical powders

4.1 Introduction

Particle size and shape are often critical quatigrameters in pharmaceutical
manufacturing. This is because both t@ve an influence on a variety of physical
properties, quality attributes and manufacturingcpssability. Factors such as flow
and packing, mixing and segregation, and even ogetdl| characteristics are related
to the particle size distribution and all have #eat on drug product properties. For
instance, dissolution rate, bioavailability, anahtamt and dose uniformity can all be
affected by a change in the particle size charasties of a given product. Thus,
these properties ultimately determine the efficjeand safety of the drugs released
and if not properly controlled can come at a gt to a companyParticle size
measurement techniques are, therefore, of greairtance to the industry, however,
with many options available, it can be challengingascertain the most suitable

technique for the particles under investigation.

4.1.1 Laser diffraction

Laser diffraction (LD) is a commonly used procedimemeasurements of particles
ranging from 0.1 — 2000 pfEarly instruments were based solely on the Fraienho
diffraction approximation, which is only applicakite particles that are large relative
to the wavelength of light. Nowadays, however, Li3ttuments normally use a
combination of the Fraunhofer approximation and Biattering theory which can
handle small particles properly. Both theories methematically complex and have
been developed considering only spherical partidtesthermore, when Mie theory
Is considered, the refractive index of both theiplas and dispersing liquid must be
known as they can have a critical effect on thériigtion of the light energy at the
detector’ # In LD, a laser beam scatters light in all direeiaipon interaction with a
particle. The intensity of this scattered lightmi®asured as a function of the angle
through which it was scattered, where both intgnsihd scattering angle are
dependent on the size of the particles and théicaproperties.
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LD methods are known to have limitations, for ex&mpwvhen non spherical
particles are analysed, the complexity of the mathslved is significantly increased
and, as a consequence, almost all light scattdangniques (and not only LD)
assume that the particles being measured are sphand give diameters equivalent
to this shap&.Thus, when irregular shaped particles are evalyatesl measured
particle size distribution results in errors. Thendamental influence of particle
shape on LD measurements has featured extensivéhe literaturé:® Gabaset al®
used LD to analyse the surface area output foetboenmon particle geometries of
known shape and size, these were: cubic, tablete(pts), and cylindefsThe
authors calculated number distributions for eachtigga shape from the LD
measured volume distributions, and then calcul#tednean surface areas for each
geometry based on the diffraction diameters recblsfore comparing them to the
real values. An assumption was made that partigkse randomly orientated when
diffracting the beam. The LD software, strictly idaflor spheres where orientation is
not a factor, performed reasonably well for cubigstals with an error of 9%,
however, the surface areas were considerably ustiteeded for tablets and
cylinders, 31% and 70%, respectively. Gabasl® concluded that the surface area
was not measurable for non-spherical geometriesthas particles adopted a
preferential rather than random orientation in tmeasurement cell. Another
limitation is that particle concentration has todeatrolled in LD measurements as a
photon of light may interact with many particleshex than only one if the
concentration is too high, which means the scatjepattern cannot be analysed
accurately’® This is termed multiple scattering and is gengrallercome in modern
instrumentation by the calculation of the “opticahcentration”, where the operator
is instructed by the instrument if the concentraiid sample is too high (or too low).
The problems associated with LD are well documerttediever, they are more than
often compensated by the simplicity of use of tm&ruments and as such, LD is a

popular choice for analysis.

LD has been an industry standard for some timeisuiedvered comprehensively in
the literature for analysis of solid dose oral fatations, suspensions, inhalation

products, and to assess batch-to-batch variabdityan active pharmaceutical
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ingredient (API) through the effect of particleesian packing density*™*® Tinke et
al.™*® have reported a series of studies where the limitatof LD have been
tackled by performing static image analysis in &ndwith the LD method. The
problems associated with the technique are disdussthout bias and even the
relationship between LD and image analysis wastisisad. The authors argue that
the limited understanding of the principles of LDr fnon-spherical particles is
mainly due to confidential data analysis algorithfnem LD manufacturers:
Therefore, by making some assumptions, the authvere able to calculate LD
patterns based on the image analysis data. Innthial article of the series, the
authors used the method to correlate the partizke distribution of an API to the
dissolution profile of the drug product of a susgien formulation:* Based on
theoretical calculations supplemented with expentaledata, the authors were able
to conclude that the volume weighted mean (d (48} related to thén vivo

release profile of the drug.

Hagsteret al**

used LD to measure batch-to-batch variation in 3-2ininosalicylic

acid batches. They argued that, although the tgakenihas known problems
associated with particle shape, LD allowed quickleation of the similarity of

batches. From their study, they concluded thatesing of batches using particle
sizing data allowed the rational selection of reprgative samples for further
investigation. They concluded that the use of maitate principal components
analysis of the API LD data allowed the authorcaorelate differences in particle
size (described by PC 1) and polydispersity (dbscrby PC 2) to packing density in

downstream processing.

4.1.2 FBRM

LD is predominantly used as an at-line or off-lieehnique in the pharmaceutical
industry, however, the US food and drug administrés 2004 “PAT Initiative™®
encouraged companies to invesinrsitu process analytical technologies in order to
build quality by design into their processes rattltean measuring quality by end
product testing. LD can be implement&d situ in a pharmaceutical process;
however, problems often arise when the presentatiam sample to the analyser is
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considered. Currently for LD, analysis must takecpl in either a dilute wet
dispersion or completely dry dispersion. Therefomesline analysis is near
impossible for many processing steps due to theaur@mabf pharmaceutical
manufacturing, and on-line analysis would incumgigant costs to fit an analyser
into a recirculation loop which would likely reqaira dilution step also. A popular
alternative toin situ LD measurements is focused beam reflectance measote
(FBRM) which can measure particles in the rangenfb25 — 1000 pri) FBRM is
also a light scattering technique, although, rattemn measuring the diffraction
pattern of a particle and applying a sophisticategbrithm to give a volume based
distribution as in LD, back scattered light frontiade laser focused on the outside
of a sapphire window is measured. The laser isgobgsough a beam splitter before
being rotated at 2 — 6 My the probe optics so that multiple measuremefits
single patrticles are prevented. The back scatigenerated by the laser energy being
reflected from particles on or near the measuremamdow and the duration of the
back scattered light is measured and translateglvi® a chord length distribution
(CLD) for the particles being analysed. All pamiglare thus analysed irrespective of
shape’

As with LD, FBRM has known problems. For exampléh@ugh the CLD generated
is related to, it is not a direct measurement ef particle size distribution (PSD),
which has a direct effect on product qualftyn addition to this, anisotropy of the
particles being measured is widely discussed irlitbature, because as in LD, the
chord length measured is dependent on the orientati the particle as it cuts the
laser beamt??? For example, Liet al. studied the relationship between CLD and
particle size distribution for non-spherical pdei&?® ' When needle shape particles
were considered, the CLD measured was in fact\tbeage dimension of the object
orthogonal to the dominant dimension, in this cdlse,width of the particle rather
than the length. Nonetheless, FBRM has featureensitely in the pharmaceutical
particle analysis literature, particularly for caiisation monitoring>?’ Initial
FBRM probes required particles to be present itelislurry in order to give reliable
measurements, however, more recently the C35 palsedeveloped which allowed

FBRM to be implemented into other unit operationshsas granulation or drying
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processe&®3!' The C35 probe allows FBRM to be implemented intocpsses that
were previously inaccessible owing to the incorporaof a scraping mechanism on
the probe window. Any patrticles stuck to the analygindow are removed between
each measurement, and with this the need for thigclpa to be in slurry is also

removed.

Huanget al?®

used the C35 FBRM probe to measure particleisiséu during high
shear wet granulatiorA design of experiment (DoE) approach was employed
assess how wet massing time and water added fowlgteon affected the final
product particle size. The authors then used tlmvledge gained from the DoE to
evaluate eight clinical batches. They concluded BEBRM was useful for in-line
particle characterization; however, this assessmast subject to some limitations.
For example, the probe position had an effect enntledian chord length recorded.
The authors hypothesised that this was due to rlgrgsdicles being located in the

lower part of the granulator.

FBRM is not alone in its ability to measure pa#disizein situin processes that have
a high solid to solvent ratio. The Parsum probenfitdalvern Instruments offers an
alternative where pressurised air is used to digpelilute and remove particles from
a measurement window where Spatial Filter Veloaiyndetermines the CLEF The
Parsum probe measures particles larger than 50 ndnthaus is not likely to be

suitable for needle-shaped patrticles with a wid&0gum.

4.1.3 Image analysis

In contrast to laser scattering techniques theee ads0 many dynamic imaging
techniques such as Sympatec’s QICPIC, MicromesitRarticle Insight (PI), and the
Particle Imaging Monitoring System (PIMS) developeth house at
GlaxoSmithKline. For wet dispersion of the partg;la similar method is employed
by all three techniques. The particles are prodeiteind a recirculation loop either
by means of agitation (PIMS) or a peristaltic pufRpand QICPIC). A stroboscopic
light source is then used to “arrest” particle rantiwhile a fast camera records
digital images of the particles. Proprietary altjoris are then used to analyse the

images based on user defined statistics for PIQ@IEZPIC or instrument defined
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characteristics for PIMS (more detailed informatismgiven in the experimental and
results sections). For QICPIC analysis, a secospetision method is available: dry
dispersion using the RODOS system. Particles areelemated through a
measurement window by a differential in air presstihe measurement process is
then identical to when wet dispersion of particiescarried out. Another leading
imaging particle size analysis technique is the photogi G3 from Malvern
instruments which has the capability to analyse avedry dispersions of particles.
For dry dispersion, particles are dispersed ongoiitraging stage using compressed
air; the analyser then records the position of evearticle in view giving a

distribution.

There are many pharmaceutical examples in thealitez where image analysis has
been applied to powdef$® With the ever increasing computer power available,
traditional imaging microscopy where an operatomuldosit and manually count
particles, has been replaced with automated asalgsgnificantly reducing the
analysis time and increasing the number of pagdieealysed. Furthermore, errors
introduced by varying operators have been signifigareduced® Yu et al*
compared QICPIC digital image analysis with LD difftion to measure spherical
and rod shaped microcrystalline cellulose partioliediffering size and aspect ratios,
respectively’! In addition to analysis of the two individual pele morphologies,
digital image analysis was performed on binary mies$ of the spherical and rod
shaped particles. For spherical particles, the astfiound that QICPIC and LD
measurements were in good agreement; howevergtipective outputs for the two
techniques differed significantly for rod shapetigées owing to the fundamental
differences in measurement. In LD measurementsjigigbution obtained is that of
spherical particles with the same diffraction pait@as the measured particles,
whereas for the QICPIC measurements, the distabutjiven was based on the
diameter of an equivalent sphere that has the saeee of the particles measured
(EQPC). EQPC was used in this example so thaitbadgchniques could be directly
compared; however, the so called Ferret diameteax @nd min length) would have
been more appropriate dimensions to analyse thehraged particles. For the binary

mixture measurements, the authors found that tHeP@ system gave excellent
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agreement with calculated distributions of eachunw fraction. The authors
concluded that QICPIC could provide valuable intghnto pharmaceutical
processes where the impact of size and shape aptedosuch as in powder mixing
or segregation.

Digital image analysis has also been successfallglementedin situ, although
mainly in combination with FBRM for crystallisatianonitoring” 26 2" 4249 jy et
al. combinedin situ image analysis with FBRM and near-infrared specétoyn
(NIRS) to monitor an anti-solvent mediated cryssalion proces$’ In situ digital
imaging gave information of the particle shapes dimdensions while FBRM was
used to measure the chord lengths givé particle counts, a partial least squares
NIRS model was established to give the concentratidormation of the solute
throughout the crystallisation process. The autfausd that NIRS could accurately
determine the concentration profile for the procasd this correlated well with the
FBRM’s chord count profile; however, without theeusf video imaging, the
morphology, which is a critical parameter when pobyphism is considered, could
not be determined. They argued that FBRM combinét digital imaging could
provide the concentration trend, particle distrimatand polymorphic transition
without NIRS, however, their general conclusion Wt PAT technology selection

should be coupled with scientific knowledge forstajlisation processes.

Currently,in situdigital imaging cannot be used to analyse procesbese the ratio

of solvent to solid is low due to significant oagl of the particles making them
extremely difficult to distinguish in a 2D imagevé® with modern day computing
power). As with LD, an online solution would recuia dilution step with significant

implementation costs.

In the following section, laser scattering techeigLD and FBRM) and dynamic
image analysis techniques (QICPIC, Pl and PIMS)ewastilised to analyse
increasing size fractions of two materials whosephology are common in the
pharmaceutical industry. The aim of the study twadetermine a best practice set of
guidelines for particle size analysis of the dryprgcess of needle-shaped particles,

typical of active pharmaceutical material. Sampesellobiose octaacetate needles
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of different particle size ranges and sieved AvREF101 were analysed. The results
presented consider the basis of each techniquee wiffiiering a discussion on the
relative advantages and disadvantages. The eialuatdivided into two sections:
firstly, the various statistics from the range loé techniques are discussed followed

by a review of the range of distributions that @iréhe operators’ disposal.
4.2 Experimental

4.2.1 Materials

Avicel PH-101 microcrystaline cellulose (granulashd cellobiose octaacetate
(COA) (needles) were obtained from GSK (Irvine, #yire and Tonbridge, Kent,

UK, respectively) and were selected for this stddg to their differing geometries.

4.2.2 Sieving

Bulk powder samples were separated into the foligwparticle size fractions: <38,
38 — 53, 53 — 106, 106 — 150, and 150 - 212 paDiem diameter brass-pan sieves
(Endecotts Ltd, UK)using a mechanical sieve shaker. Sieves were glate
descending size order (from top to bottom) so shadller particles were able to pass
through each mesh until they reached a sieve wtherg were too big and thus

retained in the particular size fraction.

4.2.3 Microscopy

Digital microscope images were recorded using adstal Nikon Eclipse TE2000-U

microscope with a magnification factor of 150. Tiheages were recorded using a
Nikon CoolPIX 5400 5.1 megapixel camera that waacaed through a screw-on
port on the microscope. The images were focussediatiy by moving the stage in

the Z direction using the microscope eye pieceherk the focus. Once focused, the
stage was moved on the X, Y plane to identify pbasi of interest. Particles were
placed on a microscope slide using a spatula andssxparticles were removed by
tilting the slide to avoid significant overlap. Theages were then extracted to PC

using a standard USB connection to the camera.
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4.2.4 Laser diffraction

Laser diffraction measurements were carried outguai Malvern Mastersizer 2000
(Malvern Instruments, Worcestershire, UK). Powdangles were dispersed in 0.1%
Tween 80 in water (Sigma-Aldrich, A5376, Dorset, Julsing a Hydro2000SM cell.
Powder was added to the cell until a laser obsaurdinternal parameter of the
instrument to prevent multiple scattering effects) ~3% was reached. Laser
diffraction measurements generate a variety ofigartsize data: the volume
distribution, which is given in 100 logarithmicallspaced size bins from 0.01 —
10,000um, and d (0,5), the particle diameter correspondng0% of the volume
distribution, were used in this study. Other diaangtsuch as d (0,1) and d (0,9)
corresponding to 10% and 90% of the volume distidoy respectively, d (4,3), the
volume weighted mean, and d (3,2), the surface Wetgmean, are also generated

but not discussed here.

4.2.5 Focused beam reflectance measurement (FBRM)

FBRM measurements were made using a Lasentec FBRM/B06 probe and

attached control computer. The powder samples werge dispersed into slurries
using 0.1% Tween 80 (Sigma Aldrich) at around aceaitration of 2% w/w. Each

slurry was then stirred at 400 rpm in a beaker guig¢hre FBRM standard setup
apparatus supplied with the probe. Each individnahsurement had an acquisition
time of 15 s (approx 4 measurements per min) atalwas collected for 10 min per
sample. The specific data sets were then expantedgxcel as un-weighted number

distributions.

4.2.6 Sympatec QICPIC

Sympatec QICPIC image analysis was performed orpdwder samples using the
RODOS dry dispersion unit and wet samples using.tX&L wet dispersion unit,
data was analysed using WINDOX 5 software (Sypm&itEo, Bury, BL9 7BR).
For dry powder measurements, samples were placdokiRODOS dispersion unit,
which uses vibrations to transport the sample ialbwolumes into the analyser. The

particles were then accelerated through the measnt window where a fast
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camera records images of the particles that aréyseth As these particles are
accelerated through the measurement window, agukseo-second (ns) light source
Is used to ensure that no motion blur occurs. €hsures that static images of the
particles are obtained where shape analysis capeldermed. For wet dispersion
measurements, powders were dispersed in 0.1% T8@emd water and circulated
through a flow cell using a peristaltic pump. WINRG software performed an auto
focus on the particles before measurements wererded. For analysis of wet
dispersions, the pulsed light source and imagerdauyp speed were reduced due to

the slower velocity of the particles and each mesment lasted for 30 s.

4.2.7 Particle Insight

Particle insight is a flow cell imaging techniquéneve a stroboscopic light source
was used to illuminate and arrest particle motisrtheey pass through a flow cell.
The camera was focused inside the glass of the ftelt The samples were
dispersed in 0.1% Tween 80 in water and then inted to the instrument in a
sample well before being re-circulated throughftoe cell using an internal pump
of the instrument. A small spatula tip of particleere added to the sample well
(volume approx. 30 ml) and measured until 5000f6icus” particles were analysed.
Data was analysed using Particle Insight softwamersion 1.73) before being

exported to Excel.

4.2.8 Particle Imaging Measurement System (PIMS)

PIMS has been developed in house at GSK Tonbriddaiges a stroboscopic pulsed
light source that arrests particle motion for a eearto record images of particles in a
flow cell (similar to QICPIC LIXELLand PIl). The camera was focused just inside
the glass window of the cell. The samples wereeatsg in 0.1% Tween 80 in water
using a low speed impeller and circulated through ftow cell using a peristaltic
pump. A spatula tip of particles were added to 40ofrdispersant and then each
sample was analysed until the software had cou@e@DO “in focus” particles. The
data was exported to Origin software where propnetalgorithms developed at
GSK were used to analyse the images based on nieedfin and width. Standard
MATLAB (Mathworks, Natick, USA) functionality washen used to convert this
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information to give number distributions and ciantly data. The software was
calibrated daily using a saved image of a 100 grid. For these experiments the

instrument was set up to provide a magnificatior2fy.

4.3 Results and discussion

4.3.1 Sieving of COA particles

For needle-shaped COA particles, it was appareatt gleving was not suitable to
obtain ranges of particles of defined size. COAiplas are high aspect ratio (length
divided by width) needles that when sieved can pghssugh the mesh in two
orientations: either by length or width. The pdeisize analysis performed on the
sieved COA particles suggested that separationdbasehe length dimension had
not been achieved and this was confirmed by imagirgoscopy (Figure 4-1). The
width of COA particles (~20 um) is generally lekart that of the smallest sieve size
(38 um) and therefore a large number of long neepkssed through to smaller
sieves. This was due to a randomly orientated rpaltiicle layer being present in

each sieve with particles being sieved based anléregth or width.

Figure 4-1. Microscopy images of the sieved COA fiions in the nominal
ranges: 1) < 38, 2) 38 — 53, 3) 53 — 106 4) 10650 &nd 5) 150 — 212 pm at 150x
magnification (scale bar = 100 pm) .
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A range of particle sizes was obtained for COA lpjscting bulk material to

different levels of attrition caused by shear in agitated vessel during powder
drying (see Chapter 5 for additional details). linggmicroscopy was performed to
identify the best samples that produced a rangeadicle sizes. Microscopy images

of the COA patrticles obtained in the drying expems are shown in Figure 4-2.

Figure 4-2: Microscopy images of the COA samples ¢tdined from particle

attrition during powder drying: increasing size order from 1 — 5 with a

magnification factor of 150x (scale bar = 100 pm).

4.3.2 Single value particle size analysis

In the particle size analysis literature, there seeral “single value” statistics cited
in order to describe a given particle distributiddommonly used variables (or
variations of) are the surface weighted mean (8))3the volume weighted mean
(d (4,3)), the 10% and 90% percentiles (d (0,1) dn@,9)), respectively), or the
median (d (0,5)). Furthermore, when image analymml particle shape are
considered, percentile and median values can lsenalok for specific attributes such
as particle length, width, area, aspect ratio, egity or circularity. The median

diameter is perhaps the most common diameter egfda in the literature for most
particle size analysis techniques. Tables 4-1 @yiand 4-2 (COA) show the
median particle diameters obtained for each amalytitechnique. For LD
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measurements, the median value reported is equéhetodiameter of spherical

particles that have the same diffraction patternhasmedian of the distribution of
patterns measured. For FBRM, the median valuedsutihweighted median chord
length obtained. For QICPIC, the median equivatgtere (volume distribution) is

given. For PI, the median equivalent sphere (voldms&ibution), and for PIMS, the

median length dimension obtained (number distrdn)tare given. As already stated,
PIMS is a proprietary GSK technique designed webkdie-shaped particles in mind
and therefore does not report an equivalent spdiareeter. The length dimension is
included for completeness.

Table 4-1: Median particle sizes given from eacheved fraction of Avicel.

Avicel PH101

Size Fraction/ um LD/ pm FBRM/ pm QICPIC/ um PI/ um PIMS/ um

<38 26 17 45 41 41
38 -53 38 19 63 59 91
53 - 106 69 24 84 81 117
106 — 150 78 25 102 96 95
150 - 212 145 35 158 96 59

LD: median volume weighted particle diameter, FBRMmedian number un-weighted median
chord length, QICPIC: median volume weighted equivient sphere diameter, PI: median

volume weighted equivalent sphere diameter, PIMS: pdian particle length.

The median values obtained for each technique shairfor granular shaped Avicel,
sieving of the particles successfully separated plagticles into fractions of
increasing particle size. The values in table #dwever, show significant variation
of median values across the techniques which wpsated when the basis of each
measurement technique was considered. Comparingahdd FBRM, the values
obtained result in a positive correlation; howevas, FBRM produces a number
based chord length distribution rather than a vellrased particle size distribution,
the median values do not appear to reflect theahctize of the particles. The

probability of the FBRM measuring the particle deter as a chord even for
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spherical particles is particularly low and furthéne un-weighted distribution is
given purely on the number of particles countedictviplaces the emphasis on fine
particles. In order to put more focus on coarsetigdes the distributions can be
square or cube weighted, which in turn increasesitedian chord lengths obtained.

When the median values for laser scattering methaie compared to digital image
analysis, a general increase in equivalent sphameader was observed with QICPIC
and Pl measurements as expected, with excelleaeagnt between the techniques,
except for the 150 — 212 pm size fraction. Howewdren PIMS measurements were
analysed, a different trend was observed. Herejnarease for the initial three
samples was followed by a decreasing trend forttbee largest size ranges. The
PIMS data is given only as a number distributiorerglas both QICPIC and Pl have
the capability to output both number and voluméritlistions. Number distributions
are weighted heavily towards fine particles, whiohgeneral, far outnumber the
coarse particles. Although the larger sieve siet¢gimed the bigger particles, a far
greater number of fine particles were still preseneach sieve. Furthermore, fine
particles are very adhesive and are known to dtclarger particles, which when
placed in dispersion, break away leaving one coarsk many fine particles. The
number of fine particles measured relative to thelper of coarse patrticles is likely
the reason that the PIMS measurements did notagighe same trend as the other
techniques, rather than the samples were very rdifteor instrument error.
Furthermore, with image analysis techniques, theiges must be in focus
(depending on the criteria for each individual t@ge) and all out of focus particles
are disregarded. With the PIMS measurements, itrneéed that a large number of
coarse particles were not analysed due to failmgfocus criteria owing to the low
depth of field of the PIMS instrument.
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Table 4-2: Median particle sizes given from each aftytical measurement for

COA fractions obtained from drying experiments.

COA
Sample No. LD/ pum FBRM/ pm QICPIC/ pm P1/ um PIMS/pum
1 25 11 42 65 17
2 32 12 55 79 20
3 37 14 63 84 29
4 50 18 84 113 44
5 58 22 98 104 61

LD: median volume weighted particle diameter, FBRMmedian number un-weighted median
chord length, QICPIC: median volume weighted equivient sphere diameter, PI: median

volume weighted equivalent sphere diameter, PIMS: pdian particle length.

The median values obtained for the needle-shaped @#ticles show a general
increasing trend with each technique. Comparingléser scattering methods, an
increasing correlation is present as was observad #vicel. Needle-shaped
particles are known to orient themselves when dsggkin moving liquid. Therefore,
the CLD length distribution from FBRM is predomitignformed by measurement
of the width of the needles (depicted in Figure)4+ire, the data suggests that
needle thickness increases slightly as needlelHangteases.

FBRM Probe

Back-scatte :

I 4 _—

= Djspersant flow

Figure 4-3: Schematic illustration of FBRM measurerent of needle-shaped

particles oriented in direction of flow.
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The LD volume distribution given is that spherethwvihe same diffraction pattern of
the particles measured. Non-spherical particleeigea vastly different diffraction
patterns to those of sphefdspwever, LD analysers evaluate each sample asespher
regardless of morphology. The internal algorithrh¢he instrumentation are vendor
specific and confidential making a reasonable Hypsis to the generation of the
median values challenging without consideration tbe entire distribution.
Nonetheless, LD was effective in analysing an iaseein needle length as an
increase in particle size. For digital imaging t@dues, orientation of the particles is
much less of a factor for measurements as anayypsrformed based on a recorded
image that can be treated in several ways ratlzar #im isolated scattering incident
that can be measured only once (an assumptionds that the particles are parallel
to the imaging plane).

Comparing laser scattering techniques to digitaedgimg techniques for needles is
not a straightforward task, for the purposes of thraluation, the equivalent sphere
diameters are reported for QICPIC and PI rathen tih@ more appropriate length
and width dimensions (needle length is reportedPid1S as there is no option to
generate equivalent sphere data). This was to rttekeomparisons as similar as
possible; however, the length and width of needkesdiscussed more fully in later
sections. The equivalent sphere data for QICPICRIrghow an agreement with the
laser scattering methods, however, the largestidradn the Pl data does not
conform to this trend. There are two likely explkios for this anomalous value.
Firstly, at the time the evaluation was perform@tywas a relatively new technique
to the market. A software glitch that disregardediples that were longer than 500
nm was present (since removed in later versiond)canld have skewed the results
as a significant number of longer needles may Hasen excluded. The second
reason is that a poor subsample may have beemetttir analysis. The PIMS data
shows reasonable agreement with the LD data olotaihmvever, as LD is a volume

distribution and PIMS is a number distribution, ttwerelation is likely coincidental.

79



4.3.3 Particle size distribution evaluation

Although examination of the median particle diameigves an initial indication of

the particle characteristics, a vast amount ofrmftion is overlooked regarding the
distribution or polydispersity of the sample, ahdg, interpretation of the data may
be incorrect. A simple example of an incorrect riptetation is the analysis of a
bimodal distribution. By only examining the mediasue, an average value of the
two size distributions present is obtained rathemtthe key information that an

overall bimodal distribution is present.

The following section describes the distributionstamned for the techniques
evaluated in this study beginning with the laseatteting measurements. This is
followed by discussion of the image analysis teghas, and a comparison of their

strengths and weaknesses for the samples studied.

4.3.4 Laser diffraction

Figure 4-4 a) and b) shows the volume distributiobtained for the sieved fractions

of Avicel and experimentally obtained fractionsGDA, respectively.

a) 12
< 38um
38 -53um
53 -106pm
—106 - 15Qum
—150 -212um

b)

Sample 1
— Sample 2
Sample 3
— Sample 4
— Sample 5
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o
Yo Volume
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Particle size (um) Particle size (um)

Figure 4-4: Laser diffraction generated volume digibutions for a) sieved

fractions of Avicel and b) experimentally obtainedractions of COA.

For the sieved samples of Avicel, a positive shifparticle size was observed for the
distributions of each particle size fraction. Inmso of the samples, the Gaussian
shaped distribution was skewed and tails were @bdecorresponding to a high
number of fines present in the samples. These fanesattributable to incomplete

sieving in the samples or by small fragments bregloff from larger particles.
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When volume based distributions are considereddaite are weighted towards large
particles as one bigger particle will have the woduof many smaller ones, and can
sometimes lead to distributions that are not Gansshaped curves. This is outlined
in the data obtained for COA where a tri-modal rdbsition is obtained owing to
three populations of the particles. In the smaliesttion, there is a mode centred at
~20 um which can be attributed to the laser beam beiffigacked predominantly by
the needle width. Also, in the data for the smallesmple, a second mode is
observed at around 90m that is likely a result of diffraction by the Igh
dimension of short needles. As needle length iseamed, this mode becomes the
most prominent one in the distributions for largarticles, as in these samples there
is a higher number of longer needles so the prababf diffracting the laser beam
by length also increases. For the largest partidlesre is also a third mode (at
around 800um), which is due to the length of the longest negdibserved. The
mode at 800um is most likely caused by a smaller number of igiag which
nevertheless, contribute a significant volume, eslg for samples 4 and 5. It has
been shown previously that non-isometric partidash as needles (or platelets)
have distinct scattering patterns correspondingodth maximum and minimum
particle dimension$” *® Therefore, when the LD instrument software fitti
scattering data measured for needles from thiss#tasing the scattering patterns of
spheres, it follows that the modes in the resultiggributions corresponded to both
the maximum and minimum dimensions of the partialesially present in measured
samples. In the case of granular Avicel, the distron was simpler to understand as
an increase in particle size resulted in a posithédt in the distribution which
signified greater average particle size. The datsgnted here shows that LD
measurements are suitable for analysis of bothugsaiand needle-shaped patrticles,
however, in order to understand the distributioritamed for needle-shaped
particles, it is important to understand the methizat needle shape changes first,
and furthermore, determine the effects that thdsenges have on the volume
distribution. This is a limitation of laser diffracn in that particles that are not
spherical or granular will diffract the laser bedepending on the orientation of the

particles in the beam; in the case of needlespthbability of diffracting the beam
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based on needle length rather than width is smalltherefore the effect on the data
generated by differing needle lengths would als@xmected to be small. However,
as the data suggests in Figure 4-4 b), this isenbtely the case as the distribution
changes with increasing size and therefore an gweyaeffect based on the needle

populations is observed.

4.3.5 FBRM

The chord length distributions for sieved sampleswvicel and the experimentally
obtained fractions of COA are shown in Figure 4-arad b), respectively.

a) 600 - b)soo
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500 ?gﬁ 122qu 500 —=Sample 2
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Figure 4-5: Chord length number distributions of the FBRM data for a) sieved

Avicel fractions and b) experimentally obtained fractions of COA.

The FBRM data for Avicel shows an increase in chiergth distribution (CLD)
with increasing particle size. A dampening effeetsvalso observed as patrticle size
was increased, which is easily explained by comsigethe effects of individual
particle volume as particle size was increased. thisr study, slurries of 2% w/w
were made up for FBRM analysis, a 2% w/w samplsagf<38 um will have many
more particles than an equivalent sample of 15Q2-|Pm particles, simply because
the mass of a single <38 um particle is much Ikas the mass of a single 150 —
212 pum particle owing, to its much lower volume efiéfore, the dampening effect
observed was due the lower number of particlekerbigger fractions of Avicel. For
the COA samples, the FBRM data shows a similar @suing effect to that observed
for the Avicel particles. This is once again duehte number of particles in samples

with larger particle sizes based on their mass. ddta for COA also demonstrates a
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general increase in chord length distribution adigla size of the samples was
increased. The un-weighted CLDs obtained have medidues that are generally
smaller than the other techniques, however thisxjgected when the basis of the
measurement is considered, especially for the mesdiped particles. Here, the
dimension that is predominantly measured is throtighshortest axis (the width),
and this is due to the low probability of the padibeing in the correct orientation to
be measured along the length dimension. The inefi@aSLD with increasing needle
length suggests that needle width increases aslendedgth increases, this
hypothesis can be scrutinised when then resulta froage analysis are discussed.
Nonetheless, the FBRM measurements shown here d#ématenthat changes in

particle size for both granular and needle-shapetigies can be observed.

The next three techniques that are discussed asedban image analysis. A
comparison is made between the data obtained fhaset measurements with the

laser scattering techniques.

4.3.6 QICPIC

With QICPIC measurements, the Avicel fractions warelysed using the dry
dispersion RODOSystem (1.5 bar air pressure causing accelerafidmegparticles
through the measurement window). The COA samplesielier, were measured
using the wet dispersion LIXELL system at a floweraf 15 ml/ min. With QICPIC,
the measurement principle is the same regardlessligfersion method, and
therefore, dispersion should not have an effecthendistributions obtained. The
reason for using different dispersion techniques wae to the brittleness of the
COA patrticles. When COA particles were analyseshgishe RODOSystem, the
particles were instantaneously fragmented into namealler particles on entering the
air stream, this resulted in distributions that eveot representative of the sample
which did not vary for increasing particle size.id fragmentation occurred at an air
pressure of 1.5 bar and to a lesser extent at &.2and example distribution data
showing this effect for COA sample 5 are shown iguFe 4-6. Avicel particles did
not suffer fragmentation on entering the air stremard therefore dry dispersion at

1.5 bar was appropriate for the analysis.
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Figure 4-6: QICPIC EQPC distributions obtained for COA sample 5 with

varying dispersion method.

The volume distribution plots for Avicel and COAeashown in Figure 4-7;
equivalent sphere (EQPC) data is shown in a) andrg) Feret Max data in c) and

d), respectively.

84



a) 35 b)z,s
<38um Sample 1
3 =38 -53 um —Sample 2
53 - 106 um 2 Sample 3
=106 - 150 um =—Sample 4
25 =150 - 212 um —Sample 5
c c
S 2
2 2 315
2 hal
S S
> >
F15 7 4
c c
I3 3
la} a
1
0.5
0.5
0 - 04 —
4 40 400 40C 4 40 400 4000
Particle diameter EQPC (um) Particle diameter EQPC (um)
3 25
C <38um d Sample 1
=38 - 53 um ==Sample 2
2.5 53 - 106 um 2 Sample 3
=106 - 150 um —=Sample 4
=150 - 212 um —Sample 5
c 3 c
=} =]
H 315
315 3
g g1
] 5
ol a
0.5
05
0 0 \
4 40 400 40C 4 40 400 4000
Particle diameter EQPC (um) Particle diameter EQPC (um)

Figure 4-7: QICPIC volume distributions for a) EQPC of Avicel fractions, b)
Feret Max of Avicel fractions, ¢) EQPC of COA samps, d) Feret Max of COA

samples.

The EQPC data for both Avicel and COA display thme increasing trend as with
the laser scattering methods as expected and catirdetly compared with LD
measurements. From Tables 1-1 and 1-2, the d @GRIC measurements for both
materials display an excellent correlation with Lélthough, the QICPIC EQPC
diameters are systematically higher than the etgntaLD measurement. With
QICPIC, the EQPC value given is equal to the di@amet a spherical particle with
the same area as the projected particle measuheteas for LD measurements, the
diameter given is that of a sphere with the sarffeadtion pattern as the measured
one. For granular Avicel particles, it was expectbdt the LD and QICPIC
measurements would be in closer agreement to btained, however, inspection of
the Feret Max data implies that the particles preseme anisotropic character. A
significant advantage of digital imaging techniqoesr laser scattering is the ability

to investigate more thoroughly the particle sizd ahape data than is possible from
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the given distribution and associated statistigsaBalysis of the individual particles

in the “QICPIC particle gallery”, the shape of eaphrticle measured can be
analysed, and further, filters can be set in otdegrobe user defined problems such
as contamination or investigation of a single p#&tishape in a blend. Figure 4-8
shows an example gallery for the Avicel fractior6 0 150 pum and demonstrates
some anisotropy in the Avicel particles. It is knmothat LD measurements do not
give a quantitative measure for non-spherical gagi and therefore the

underestimation of the Avicel fractions is not sising.
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Figure 4-8: QICPIC patrticle gallery for Avicel fraction 106 — 150 pm.

For needle-shaped COA, the deviation in the EQRE fdeam the LD data is difficult
to compare. As already discussed, the generati@nsofttering pattern for a needle
is dependent on the orientation of the needle wdi#fraction occurs. For image
analysis, orientation is not a factor as the assaldor the EQPC calculation is based
on the number of pixels taken up on the cameraafor given particle. What is
evident, however, is that the use of the EQPC diamse not ideal for needles and
that a more appropriate diameter such as Feretdflaxld be used. When the EQPC
distribution data for COA is compared with the Fekéax distribution data, a
significant shift to larger dimensions is obsenmedhe latter. This is because the
Feret Max diameter is the longest dimension of @sueed particle between two
parallel tangents and does not involve a calculatogive an equivalent diameter
like in EQPC measurements. Therefore, for changepatrticles such as needles
where the shortest diameter (Feret Min) does not s@nificantly from particle to
particle, Feret Max gives the best descriptionhaf distribution. This demonstrates
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that the QICPIC EQPC, equivalent sphere LD and FBRID data should only be
considered as a qualitative description for analgdineedles as they are inaccurate
representations of the actual needle length. Bhimsghlighted in Figure 4-9 where an
example image of COA is shown with the EQPC, Fdvetx and Feret Min

dimensions noted.

\' g
\ 1
| i ’ l |
|
/

’ EQPC: 125 pm

i
| ~ — Feret Max: 512 um

— |

Feret Min: 49 pm

Figure 4-9: Digital image of COA particles in QICPIC analysis software. The
EQPC, Feret Max and Feret Min dimensions are giverfor the marked red

particle.

The Feret Min diameter was also investigated f& @OA particles, however, a
potential limitation of digital image analysis wascountered when this was
performed. Overlap of very few needle-shaped gdadi¢with respect to the total
particle count) can have a significant effect oa thstribution obtained when the
volume distribution is considered. When overlap ursc the dimension which is
actually the Feret max of the shorter needle issunea as the Feret Min of the
larger one resulting in a significantly increasedlue. When the Feret Max
dimension is evaluated, the shorter needle is gisded by the analysis software and

thus is not problematic.

To remove overlapping particles from affecting Beret Min distribution, filters can

be applied so that particles with a Feret Min gre#ttan a user defined dimension
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are disregarded resulting in a more representdisteébution. However, in order to

apply these filters with confidence, a pseudo Bayespproach must be applied.
The use of Bayesian statistics applies prior kndgéeto a data set in order to
determine the probability of a given result; instiease, the prior knowledge applied
is that the needle width is typically less than 100 (from imaging microscopy and

previous imaging experiments (not reported)).

Examples of overlapping particles and the Feret RIMA volume distribution for
Sample 4, with and without a filter at 100 pm, shewn in Figure 4-10 and 4-11,

N
] —\ X
7 N

Figure 4-10: Examples of overlapping particles fromthe QICPIC particle

respectively.

gallery for COA Sample 4 (Filter set at Feret Min> 100 um).
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Figure 4-11: Feret Min volume distribution data for COA Sample 4 a) no filter
and b) Feret Min <100 pum.

With QICPIC image analysis, one pixel on the CCher is equal to 1 pngwith
the optical setup used for this analysis), it feothat a threshold should be
determined for the analysis of Feret Min data ttatstitutes the minimum number
of filled pixels required to be considered a paeticTherefore, a second filter was
added to the analysis of Feret Min data that remiguarticles with a Feret Min
length less than 5 um (corresponding to 5 pixeisidih).

The filtered Feret Min distributions from QICPIC reecompared to the CLD

distributions obtained by FBRM. Due to the orieimtatof needle-shaped particles
for FBRM measurements, the un-weighted CLD shauldheory, be comparable to
the QICPIC Feret Min data for COA. For direct comgan, the number distribution
for the QICPIC data was calculated. The numberidigions for the Feret Min

COA data are shown in Figure 4-12 followed by th@ @) data for both COA and
FBRM in Table 4-3.
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Density distribution
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Feret Min Number distribution (um)

Figure 4-12: QICPIC Feret Min number distributions for COA samples 1 — 5.

Table 4-3. d (0,5) values for FBRM CLD and QICPIC Fret Min number
distributions for COA samples.

Sample FBRM/pum QICPIC/ um

1 12 13
2 12 13
3 14 14
4 18 15
5 22 19

The d (0,5) Feret Min data for the COA needles sftbwery good agreement with
the un-weighted FBRM CLD d (0,5) data discussediptesly. This agrees with the
hypothesis that average needle thickness increasiesncreasing needle length for
COA particles and shows that FBRM data is in factemsure of the needle thickness
when samples are suspended in solution. Thus,dhet Min data for COA needles
shows that the FBRM CLD can be used as an indgeatitative measurement of

average needle length provided the thickness isese@ith needle length.

90



4.3.7 Particle Insight

Particle Insight (Pl) is an analogous techniqueQICPIC, however only wet
dispersion of the particles was possible. With Rdasurements, the Feret Max
distribution is given as a number distribution eatthan a volume distribution as is
standard with QICPIC. As already discussed, nuntli&ributions give a heavier
weighting to fine particles meaning that largertiges have far less of an effect on
the distribution. Furthermore, The PI software hasch smaller bin sizes than the
other techniques and therefore it appears muchiencikan other particle size
analysis techniques (it is not known if the biresizan be altered). The Pl Feret Max

number distributions for the Avicel and COA fractsoare shown in Figure 4-13.

a) 250 <38um b)l'8

—38-53um  1g
53 - 106 um

—106 - 150 um 1.4

=150 - 212 um

Sample 1
——Sample 2
Sample 3
—Sample 4
—=Sample 5

2.00

1.50

% Number

1.00

0.50

0.00 0 -
10.0 100.0 1000.0 10 100 1000
Feret Max dimension (um) Feret Max dimension (um)

Figure 4-13: Pl Feret Max number distributions for a) Avicel fractions and b)

COA samples.

For Avicel, the Feret Max distributions shift tadar particle sizes with increasing
fraction size. This means that the number of coapseticles increased as size
fraction was increased. With COA patrticles howetteg, distributions obtained were
not as expected based on previously evaluated ldata, an increase in the number
of longer needles is observed for samples 1 —velier, sample 5 does not continue
to display an increase in the number of longer lesedbut rather, an increase in the
number of shorter needles. As mentioned previoushg Pl software used

disregarded particles from analysis that had Fbtak dimensions greater than
500 um. Samples 4 and 5 have a large proportioreediles greater than 500 pum in
length (as shown by QICPIC measurements) that wbalkk been disregarded;

therefore, the number distributions for the longeedle samples are not necessarily
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reliable for analysis. For this reason, Pl data e@ssidered unsuitable for analysis

of long needles and will not be discussed further.

4.3.8 PIMS

PIMS is a technique developed at GSK specificatly dnalysis of needles. The
proprietary software is thus developed with needfesmind and automatically
generates a report with a number distribution basedhe length dimension of a
bounding rectangle of the particles, circularityagdand a length vs. circularity plot.
The user can set bin sizes for the number distabuhowever cannot alter any other
of the parameters other than the magnificatiorhefgarticles. This makes PIMS the
least versatile of the digital imaging techniquescdssed; however, it does not mean
that it should be disregarded as unsuitable folyaisa Figures 4-14 a) and b) shows
the shape vs. circularity plots for the Avicel tianos and COA samples,

respectively.
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Figure 4-14: PIMS Particle shape vs. particle lendt data for a) sieved fractions

of Avicel: i) <38 um, ii) 38 — 53 um, iii) 53 — 10@m, iv) 106 —

150 pum, v) 150 —

212 ym and b) experimentally obtained fractions ofCOA: i) Sample 1, ii)

, Iv) Sample 4 , v) Sample.

Sample 2, iii) Sample 3
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The PIMS analysis for both Avicel and COA show ttisre is a large number of

fine particles present in all samples, as can be bg the red areas of high density in
all the plots. This is common in most samples ae frarticles are more adhesive
than larger particles and can stick to larger pl@di during processing; when

dispersed, however, these particles can breakafrdeare then counted. Conversely,
when a large number of fine particles are obsemhedng image analysis, it is

essential to consider the size of the particleselation to the resolution of the

measurement (i.e how many pixels constitute agyaytiFor example, with PIMS, a

10 um particle is equal to only a few pixels iniamage, making the measurement of
fine particles challenging. Filters can be setha software (although not done for
this data set) to ensure that a minimum numbeixaipare required for a particle to

be counted.

PIMS measurements use particle recognition algostto identify particles and then
measure those particles based on their length heinl width. Therefore these
measurements are ideally suited to needle-shapdidigs In Figure 4-14, particle
length is plotted against particle circularity filve measured samples, for granular
Avicel particles (Figure 4-14 a) i) — v)) there areas of high density of highly
circular particles, and as the particle size faadiincreases, there are many irregular
shaped particles (circularity ~ 0.3 — 0.7) as wolddexpected based on previous
image analysis results. For COA (Figure 4-14 W)gre are also a high number of
fine particles with high circularity for all samglehowever, in addition, there is the
presence of many particles with low circularity aamdigh length as expected for
needle-shaped particles. For PIMS measurementdetiggh (number distribution)
and circularity of the particles can also be exadimdividually as demonstrated for
COA particles in Figure 4-15.
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Figure 4-15: PIMS analysis: a) Length based numbedistribution and b)
particle circularity for COA particles (sample 5).

It has been demonstrated that dynamic image asahgss many advantages over
scattering based measurements in that particlebeatirectly viewed and analysed
by the operator. Particle geometry is by no meanbm#ation with modern

computing power, allowing for many shape and siaeameters to be calculated
almost instantaneously. A limitation of dynamic gea analysis for PIMS

measurements, however, is the depth of field. Inadyic image analysis, a 2
dimensional image is recorded of a 3 dimensionatesy which can lead to poor
resolution of particles that are not in focus. laswnoted with the Avicel

measurements using PIMS that many of the coarséclpa were ignored as being
out of focus meaning that the calculation of thenbar distributions may have been

skewed. Nonetheless, PIMS was a useful techniqu@éoanalysis of needles.

4.4 Summary and Conclusions

Five particle size analysis techniques have beeatuated with respect to particle
shape by measuring increasing size ranges of gnaand needle-shaped patrticles.
Sieving of both particle geometries and subseqparticle size analysis highlighted
that sieving to obtain particle size ranges isatife for granular shaped particles but
not for needle-shaped particles. This was highdighby microscopy images and
particle size analysis. Size ranges of needle-shameticles were obtained by
exposing samples to different amounts of shear nn agitated vessel. The
performance of all five techniques was evaluatedbfath particle geometries and
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each technique was shown to successfully diffememtbetween different particle
size ranges of both geometries. Whereas dynamigeanaamalysis techniques had
advantages over laser scattering techniques fatlewsbaped particles, due to the
ability to evaluate a sample based on needle leragtier than an equivalent sphere
or CLD, both laser scattering techniques gave adgadication of a change in
particle size range for these shaped particlefiodigh not allowing for quantitative
analysis of the particles, the laser scatteringriepies did allow a quick, cheap (and
in the case of FBRNh situ) indication of a change in particle size distribat if not
particle shape. The analysis of the QICPIC dataAwicel and COA, however,
emphasized the importance of digital image anali@isvaluation of particle size

with respect to particle shape.

For granular Avicel, image analysis showed thateheas some anisotropy present
in the particles, which resulted in lower mediatuea than expected in the LD data,
however, the deviation between the two techniquas small compared to that of
needle-shaped COA particles. For COA particlestalignage analysis showed that
the d (0,5) values obtained by LD were not repregive of the length of the needles
and that the Feret Max diameter was more suitabldeiscribe the particles. In

addition, the Feret Min diameter was comparableEB&M CLD showing that needle

thickness increased with increasing needle lerfgbh.full quantitative analysis of a

particle shape and size distribution especially me@edle-shaped particles, it is
recommended that digital image analysis is perfdrinased on the results in this

text.
The main conclusions in summary were:

* Both LD and FBRM provided good qualitative analysidoth granular and
needle-shaped patrticles.

* LD was only quantitative for spherical particlesdesnonstrated by QICPIC
EQPC analysis of Avicel where small deviations frephericity lowers the

LD median diameters.

96



 The Feret Max dimension is the best measuremenee@dles as it generates

the best data for needle length.
FBRM data correlates well with the Feret Min datarf QICPIC.

— With these particular measurements, it is knowrt tha average

Feret Min increases as average needle length sesea
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5. Studies in powder drying usingin situ Raman spectrometry and

particle size analysis

5.1 Introduction

Drying of powders is a common unit process in mphgrmaceutical manufacturing
processes and is one of the final steps in actiggedient production, usually
following the filtration step performed after crgitsation. Crystallisation is ideally a
highly controlled process which aims to obtain adoict with desired shape, size
distribution, and purity. Proper control of theseperties ensures that the flow and
compaction properties of a material are correctdownstream processes such as
blending, granulation or tableting and that ess¢uwtitributes like the bioavailability
is correct for the intended action in the bddyhe impact of the drying process on
crystal parameters is thus of great importanceh& duccess of a manufacturing
campaign, however at present, this is not well wstded and poorly controlled.
Complications can arise such as: attrition, wheredaiction of particle size occurs;
agglomeration or aggregation/ balling, where amease in particle size is observed;
over drying; and hydrate or polymorph changes. émyncases, these effects can lead
to the batch being reworked or lost entirely duehe particle characteristics no

longer being suitable for the intended use.

Attrition is a significant problem in agitated &lt driers as particles are subjected to
shear while being dried. This shear force can causeduction in the size of the
particles or a change in the particle geometry déing on the shear sensitivity of
the material. These changes can occur, dependirigeonature of the particles, by
two main methods. There is chipping, where smallises of the particles break off
to form a fine dust, which not only leads to thelpems described previously, but
also generates a dust hazard in a manufacturireg ahe second method is particle
breakage or fragmentation, which is more commoneiedle-shaped particles. Here,
the particles break down into smaller particlesirdyra process; this may also
produce fines which are similar to the method appimg but represents less of a
hazard and is less common. The processes whichideaalticle attrition have been
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studied extensively by Ghadgt al,>® and these authors have also recently began to

investigate the effects of particle drying andrétionship with attrition®

Lekhal et al. published two studies investigating attrition iryidg processes, the
first describes a potassium chloride (cubic crg$tahd water system and the second,
an L-threonine (needles) and water systefnThe authors studied the effects of
temperature, agitation rate and pressure on dtyimg and final crystal properties in
a 800 ml double jacketed vessel. They agreed inesmspect with the work of
Ghadiri et al. in that attrition was primarily caused by a resultsbear; however,
they also noted that agglomeration was a compginegess in their system as a
result of capillary forces in the presence of l&jurhe authors went on to describe
that the extent of attrition was correlated to algéation rate, although, lower drying
times resulted in less attrition as the particlesenexposed to less shear from the
impeller. Thus, all three factors investigated dbwted to the extent of attrition in

the system, as all three had direct effects omdriime.

Typically, in the pharmaceutical industry, a batal be dried for a length of time
under a set of conditions defined by a regulatdiygf with product quality tested
off-line in a quality control lab. There are sigo#nt disadvantages to this strategy,
however, namely the time lag between extractingnapde, transfer to the laboratory,
analysing the sample, and conveying the pass/résililt to the operators. This
represents a significant loss in time in deterngnfrthe sample is dry or not; further,
if the batch is still wet it needs to be dried &otonger period of time and retested.
Also, if the particle characteristics are founchve changed, there are implications
for additional energy and materials costs, as a®&l delay in manufacturing. There
Is also the fact that no in-process informatiogased while the particles are being
dried, so if there are any special causes of wanah a specific batch, they will

remain unknown to an operator until it is too leteectify the problem.

The Food and Drug administration’s “PAT initiativei 2004 led to a boom in
pharmaceutical companies increasing their investmien process analytical
technology (PAT). The aim was to improve procesdeustanding and control, with

the ultimate goal of improving “right first time mafacturing” and building “quality
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by design”. Along with this came a significant driyrom instrument vendors to
provide better, more robust process analysers, witlvider range of sample
interfaces at more competitive prices. The combeféalt has seen many successful
applications of PAT arise in unit operations suck powder blending®**
crystallisation*>*’ granulation and fluidised bed dryif§,*° and tablet analysi&to

name a few.

There appeared to be a gap in the literature, heryevhen the application of PAT
for drying was investigated. Of course, it is widddnown that pharmaceutical
companies are sometimes reluctant to publish sdntieeowork they do with PAT
out of a fear of losing a competitive advantagewdwer, the examples in the
literature that do exist focus primarily on monitgy the drying curve in order to
prevent over drying. For example, Tewatial. have demonstrated that MIR can be
used to monitor the solvent concentration in dryaffggas and used this information
to describe the drying curve in a cellulose angrispyl alcohol systert: For this
study, a tray drier was used and thus attritionthef particles was not considered.
Burgbacher and Wiss, described a method to mothitodrying curve in an agitated
filter drier by near-infrared spectrometry (NIRSJisplaying a good agreement
betweenin situ NIR data and their chosen reference analysis (s ¢hse, Karl
Fischer titration or GC headspace analysis depgndinthe solvent? A diffuse
reflectance NIR probe was placed flush with theenm&l wall of a drier and the
process contained an active substance and twoiorgalvents. Partial least squares
(PLS) regression models were developed to sucdbssketermine the individual
concentrations of both solvents in the system tinout the process by recording an
NIR spectrum once every 10 min. In doing this, thehors demonstrated that a
possible reduction in cycle time of approximatedgbdwas attainable for the specific
process. Although success was achieved in bothestwdth respect to the drying
curve and cycle time, a vast amount of spectrabrimétion was overlooked
regarding the particles. Furthermore, in both sisdhere is no mention of whether
or not attrition was a problem, however, by meaguthe drying cake directly there
would be scope to investigate whether the particteergo any changes throughout

the process.
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NIRS is known to contain particle size informatidmgwever, highly convoluted
spectra, and matrix effects can make access to softhimation extremely
challenging, especially for complex processes sischowder drying. NIR has been
shown to successfully demonstrate particle sizerinétion in other unit operations
in the pharmaceutical industty. ** 2* Other spectroscopies are known to
demonstrate particle size effects also, for examphsonet al. demonstrated that
changes in frequency of the peak position arisiognf particle collisions with a
vessel wall were inversely proportional to a chawofeparticle size within situ

acoustic emission spectroscdy.

Another example is Raman spectrometry, with proéamsian instruments rapidly
becoming one of the most versatile technologieslaba in the PAT tool kit. The
main advantage of Raman over NIR systems is thettisp generally consist of
sharp, well resolved peaks, often allowing univariaather than multivariate
calibration, which is nearly always necessary WitRS. Furthermore, developments
in NIR lasers for Raman spectrometry have madedkaoence less of a problem, and
with more efficient detectors coupled with wideumination non-invasive probes,
Raman scattering molecules have become easieratgsanrequiring much shorter
integration times to collect a spectrum. This hesulted in Raman spectrometry
being applied to a variety of applications, inchglicrystallisation monitoring,*® "

% and tablet content uniformify: 2°

Perhaps more appropriately, Walletral. studied a fluidised bed granulation process
and found that Raman spectrometry demonstrated ratecucorrelation with
independent granulation experiments describingqtarsize distribution analysf$.
Raman spectra were collected of glass beads inidisitd bed granulation process
with the probe mounted using a bespoke framewaskrat the fluid bed drieThe
change in Raman signal was monitored at threerdiffgpositions in the bed and the
signal showed a correlation to an increase in deasize. Here, an increase in
granule size resulted in a decrease in Raman sam#ie process was carried out.

Furthermore, the distribution of particle densiythe bed was identified, based on
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the intensity of the Raman signal, where an in@easRaman signal was observed

for denser areas of particles.

Raman spectrometry, also offers another signifiegntintage over NIR in that there
is the potential to monitor polymorphism changeat tbtan occur in some drying
processes. A change in polymorph is known to camsghange in the Raman
spectrum of a compound and there are example®iliténature where this has been
successfully utilised to monitor crystallisatioropesses$® *”*  These studies and
others? highlight the potential for monitoring the physicattanges that particles
undergo during a process in pharmaceutical manufagt by in situ Raman

spectrometry.

Althoughthere are increasing examples in the literaturspefctroscopic techniques
being used to monitain situ particle size during a process, there are alssitu
particle size analysis techniques. However, theeemaany challenges fan situ
particle size analysis that, at present, makesitu monitoring of particles very
difficult during all stages of drying. For exampleyrrently for laser diffraction
methods, the two main dispersion methods for bahodatory and process
measurements require the particles to either beplstely dry so that they can be
dispersed by a differential in air pressure, oabgery low concentrations in a wet
dispersion to prevent multiple scattering effeats irecirculation loop. This does not
translate well to drying where the particles areipartly wet state for most of the
operation and therefore on-line sample presentatian external analyser would be

very difficult and expensive to configure.

In situ imaging of a low concentration of particles in @vent has become very
popular in crystallisation monitoring, as partickkize can be monitored and
physically seen by the human eye on a mofitdf In the case of drying, however,
image analysis is not suitable with current tecbggl because it is difficult to

differentiate between many particles in a 2d image] therefore, software cannot

evaluate the particles in view.
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It seems there is most potential for success inndrywith techniques such as
Lasentec’s focused beam reflectance measurememMFEand Malvern’s newly
released PARSUM system. FBRM was originally desgigrier crystallisation
monitoring and initial probes were unsuitable foyidg monitoring due to major
probe fouling and saturation. However, customer alainhas led to the release of
improved probes with “window wipers” that preventolpe fouling and short
measurement times that prevent saturation. Thisléthtdo FBRM being used to
monitor processes other than crystallisation sushwet granulatior” * The
Malvern PARSUMsystem is an insertion probe like the FBRM but eatthat
cleaning the measurement window during analysisypressed air is used to ensure

that particles only enter the measurement zonaguamalysis”

Although techniques such as FBRM and PARSUM areiired for full particle
analysis,n situ spectroscopic techniques offer some advantagéeimonitoring of
powder drying if identification of attrition or aggneration is required. This arises
because in addition to providing an indication ofleange in particle size, Raman
spectrometry, for example, can provide moleculanidication, allow generation of

a drying curve, and detect changes in polymorplasthstate of hydration.

In this study, non-invasivén situ Raman spectroscopy was used to monitor the
drying process of methanol from cellosbiose octizdee A design of experiments
approach was used to investigate the effects oticlgaattrition of three variables
that are key in a drying process namely: agitatigre, percentage solvent loss on
drying and jacket temperature. Off-line Raman asialpf the particles and particle
size analysis (by laser diffraction, QICPIC and BlMwere used as reference

measurements for the study.
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5.2 Experimental
5.2.1 Equipment
5.2.1.1 Lab scale agitated filter drier

The design of the drier was based on process agdtigted filter driers and has an
internal diameter of 15 cm (Figure 3.1). The agitdtas two angled retreat blades
positioned at 180 The motor was an IKA RW 20 digital (IKA works, Vington,
USA) positioned at 90fo the vessel and drove the agitator through all§ear box
at a mixing speed of 20 rpm. The vessel was madglads with an oil jacket
meaning that spectroscopic observations could k#emaing either direct insertion
probes or non-invasive probes through a glass windahe lid. A constant flow of
oil at either 40 or 60°C during the experiments ensured a constant jacket
temperature. The base of the drier was connectadzé@uum pump and the vacuum
was held between 50 — 100 mbar, monitored usingiraniPgauge (Edwards,
Crawley, UK) in the line. Also in the vacuum lineasva reservoir to collect excess
solvent and a cold finger to trap any solvent ia line before reaching the pump.
Dry powder was placed into the vessel before thewas attached and sealed.
Solvent was added to the vessel through one opdnis on the lid. The vessel was

then sealed and the vacuum subsequently applied.
5.2.2 Materials

Cellobiose octaacetate (COA) was obtained from GB#hbridge, Kent, UK) and
has a needle shape with a high aspect ratio andam@d known polymorph. COA
was selected as a model compound to study as gitmlar physical characteristics
to many pharmaceutical active compounds, howewenot active and therefore
requires no specific controls for handling in adediory. Methanol (Sigma-Aldrich,
A5376, Dorset, UK) was used as the solvent forstaey as this is used as the anti-

solvent in the re-crystallisation of COA.
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5.2.3 Raman spectrometry

A Kaiser Rxn 1 Raman spectrometer witlAPP probe (Kaiser Optical systems, Ann
Arbor, USA) was used to monitor the drying process-invasively. The AT
probe has the laser beam optically expanded to gidemm spot size, a working
distance of 25.4 cm and a depth of field of 5 cmg avas directed at the process
through a glass window in the lid of the vessele Tdiser wavelength used was 785
nm produced by an Invictus diode laser operatetDb@tmW at the source (equating
to ~220 mW at the sample). A 12 channel chargegleodevice (CCD) detector
cooled to -40 °C by a Peltier cooling system wa® alsed. Daily diagnostic tests
were performed (which measured relative peak iiterend peak area against
known peaks from a cyclohexane standard) usingxternal sample compartment
accessory for the instrument. Raman spectra weogded using IC Raman software
(Metler-Toledo, Columbus, USA) and exported asviatlial .SPC files to MATLAB
version R2007b (Mathworks, Natick, USA) for anatydtach Raman spectrum was
recorded with a 10 s integration time with one spec recorded every 15 s. For all
Raman experiments, the vessel was wrapped in alwmifoil to remove room and
natural light from the spectra. 2 g sub-sample€0A were removed for off-line
Raman analysis at the end of drying. The samples placed in vials and analysed
in triplicate (shaken and tapped between each memsunt to introduce variability)
using the PAT external sample compartment. A 6 mm spot sizk Hhs integration

time were used for this part of the study also.
5.2.4 Particle size analysis

Samples were also taken at the end of drying fdrgbasize analysis. About 0.5 g of
COA was extracted using a spatula and transfemedvials before being taken for

particle size analysis.
5.2.4.1 Laser Diffraction

A Malvern Mastersizer 2000 (Malvern Instruments,rééstershire, UKyvas used to
analyse the sub-sampled powder by laser diffraclitie samples were dispersed in
0.1% Tween 80 in water (Sigma-Aldrich, A5376, DarséJK) using a
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Hydro2000SM cell. Powder was added to the celll antaser obscuration (internal
parameter of the instrument to prevent multipletteciag effects) of ~3% was
reached. Laser diffraction measurements generasgiety of particle size data: the
volume distribution, which is given in 100 logantically spaced size bins from 0.01
—10,000um, and d (0,5), the particle diameter correspontiing0% of the volume
distribution, were used in this study. Other diaanetsuch as d (0,1) and d (0,9)
corresponding to 10% and 90% of the volume distiaoy respectively, d (4,3), the
volume weighted mean, and d (3,2), the surface Wetgmean, are also generated

but not discussed here.
5.2.4.2 QICPIC

Sympatec QICPIC image analysis was performed orCA particles before and
after drying using the LIXELL wet dispersion unénd data was analysed using
WINDOX 5 software (Sypmatec LTD, Bury, BL9 7BR). rFavet dispersion
measurements, powders were dispersed in 0.1% T&@emd water and were re-
circulated through a flow cell using a peristaligmp. WINDOX 5 software then
performed an auto-focus on the particles in thevfloefore measurement was
recorded. A pulsed light source is used to endwakrio motion blur of the particles
occurred as they were imaged onto a CCD detectmh Eneasurement lasted for 30
s and the results quoted are an average of thresurenents from the same sub-

sample.
5.2.4.3 Particle Imaging Measurement Technique (PIMS)

PIMS has been developed in house at GSK Tonbriddgeeanploys a stroboscopic
pulsed light source to arrest particle motion forcamera to record images of
particles in a flow cell. The camera is focused juside the glass window of the
cell. Images of particles are then analysed basetthair length and circularity. The
dispersant used was the same as for laser diffraclihe samples were dispersed
using a low speed impeller and re-circulated thihotlnge flow cell using a peristaltic
pump. A spatula tip of particles was added to 70omdispersant and then each

sample was analysed until the software had couB®e@DO0 “in focus” particles. The
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data was exported to Origin software where propnetalgorithms developed at
GSK were used to analyse the images based on needjin and width. Standard
MATLAB functionality was then used to convert thigormation to give number
distributions and circularity data. The softwareswalibrated daily using a saved
image of a 10um grid for the lenses used. For these experimémesinstrument

was set up to provide a magnification of x20.
5.2.5 Design of experiments methodology

The reason why attrition occurs in driers is cuilgemot well understood in the
pharmaceutical industry. For this reason, a desigxperiments approach was used
to probe the effects on drying time and extentttften of three key parameters in
pharmaceutical drying processes, namely, agitastvategy, % solvent loss on
drying (SLOD), and jacket temperature. All threegmaeters are known to influence
drying times, however, their effects on the amafrdttrition are not so well known.
A 2-level full factorial design was performed totelenine the effects of these
parameters within the design space. In additiothi®) two centre point experiments
were carried out on each of the two categoricaddaaf the design. An overview of

the low and high levels for each variable is giirefable 5-13

Table 5-1: Overview of low and high levels for thestudied variables.

Variable Units Low High Cat/num

Agitation method rpm intermittent Continuous Categorical
%LOD % viw 50 100 Numerical
Jacket temp °C 40 60 Numerical

5.2.5.1 Monitoring the drying curve for COA — Methanol by non-invasive
Raman spectrometry

300 g of COA was placed in the drier and the agitapeed was set to 20 rpm. The
vessel lid was then attached and sealed. Ramarnureeasnts were collected for a

given period of time to determine the signal expddtom dry COA. Data collection
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was paused to allow the addition of methanol thnoagoort in the lid of the vessel.
The powder was then continuously agitated for twoutes to mix the solvent well
with the particles. After this addition of the seht, the vessel was re-sealed and a
vacuum applied (ranging between 50 — 100 mbar). d®adata collection was then
resumed while the powder dried and ceased wheRdhgan signal had stabilised for

a period of time.

5.3 Results and discussion

5.3.1 Monitoring of COA/ methanol drying curve by non-invasive Raman

spectrometry

The Raman spectra of methanol and COA and a midtirmethanol and COA
recorded during drying are given in Figure 5-1.
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Figure 5-1: Raman spectra of methanol, cellobiosectaacetate and mixture of
both compounds (mixture spectrum recorded during dying experiment and
therefore glass background was observed from windowat wavenumber shifts
greater than 1150 crit).
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The ratio of the methanol peak intensity centred®6 cn (R-O vibration — peak
2) to the COA peak intensity centred at 1749 ¢ROOR vibration — peak 1) was
plotted to produce a drying curve. Although, thehlmaol peak selected occurs at the
same wavenumber as a peak in the COA spectrumexbtent of overlap is
significantly less than at the alternative methgmesk ~1450 cih Also, COA is a
weaker Raman scatter than methanol and so metlsanabe detected even at low

concentrations.

Figure 5-2 a) — d), shows the drying curves obthinem the 8 design points used in

the factorial design.
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Figure 5-2: Change in the peak intensity ratio of rathanol (1036 crit): COA
(1749 cm') under different experimental conditions: a) 50% LOD with
continuous agitation, b) 50% LOD with intermittent agitation, ¢) 100% LOD

with continuous agitation and d) 100% LOD with intermittent agitation.

Figure 5-2 shows that after the addition of solventhe vessel, the ratio of peak 2:
peak 1 increased due to the contribution to peftki® methanol. Furthermore, this
ratio was dependent on the volume of solvent addith, 150 ml (50% LOD) an

112



increase in the ratio from 0.15 to ~0.55 was ole#rwhereas when 300 ml (100%
LOD) was added, the ratio increased to 0.95. Whgimg was initiated, the ratio of
the two peaks began to decrease as a result a&fsaofosolvent. The drying curves
observed differ greatly depending on the type afatign employed; however, all
three experimental factors investigated appeareldat@ an effect on drying time.
Shown in Table 2 are the conditions used for edctihe design and centre point
experiments, the drying end point indicated by $kich as those in Figure 5-2, and
the median particle size after drying (LD and QICHeret Max).

Table 5-2: Design points for 3factorial design, time of end point of drying and

change in d (0,5) for each experiment.

. . QICPIC
o Oll Drying LD d (0,5)
Agitation % Feret Max
Expt. Temp/ end after
Method® SLOD _ _ , D50 after
°C point/ h  drying/ pm _ b
drying/ um
1 CA 40 50 % 1.61 38 246
2 1A 40 50 % 2.61 59 350
3 CA 60 100 % 1.90 30 147
4 IA 60 100 % 2.30 28 201
5 CA 40 100 % 2.15 27 136
6 IA 60 50 % 2.23 51 323
7 1A 40 100 % 4.32 48 272
8 CA 60 50 % 1.32 34 187
CP1 CA 50 75% 1.90 32 167
CP2 1A 50 75% 3.27 50 304

8CA = continuous agitation, IA = intermittent agitation
°LD d (0,5) before drying = 67 um, QICPIC Feret MaxD50 before drying = 443 um

Considering the agitation method first, the dryiage was significantly greater when
the particles in the drier were continuously agiiatThis point is demonstrated when

experiments 1 and 2 from Table 5-2 are comparede,Hbe agitation strategy was
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the only parameter varied, however, the drying timaes increased by an hour when
intermittent agitation was considered over contisioThis occurred due to the
particles being exposed to very different condsialuring each of the experiments.
When intermittently agitated drying is carried oetfective heat transfer from the
vessel wall to the particles and from patrticle #otigle will only take place in the
particles close to the wall itself. Particles cltse¢he centre of the vessel will only be
dried based on the vacuum removing solvent in #meesway that a Buchner funnel
would work. However, when the mixing steps takeceldahe dry particles are mixed
with wet and partly wet particles, in doing so jhaca new set of wet particles by
the vessel wall to be dried. These points are goal® with the spikes present in
Figure 5-2 parts b) and d). This process was redeaattil all the particles were dry.
For continuously agitated drying however, the gt are constantly being mixed
while drying is taking place and, therefore, pdecexperience times when they are
close to the vessel wall and also times when tiheyaar the centre of the vessel. A
smooth drying curve resulted, as all of the patickere dried at the same rate at any

given time period.

When SLOD was also considered, it can be seenguar&i5-2 and from Table 5-2
that the drying time is greater when 100% SLOD wdsd rather than 50% SLOD,
as would be expected due to the greater volumeolvkesst to be removed. For
example, when considering experiments 1 and 5 (ffafle 5-2), the drying time
for 100% SLOD was 32 minutes longer than that 3L OD. From this, and also
considering the drying curves in Figure 5-2, it egms that the drying rate was not
consistent throughout the entire process; there amamitial faster drying period
when there was more excess solvent, followed dgvaes drying period when more
tightly adsorbed solvent was evaporafEllis can be seen in Figure 5-2 c) where the
gradient of the drying curve changed considerablgughout the experiments and
was also consistent with examples in the literdtfi@nd commonly accepted drying
theory

The effect of varying jacket temperature was atsegestigated. It should be noted

that the cake temperature is lower than the jat&etperature, otherwise at a
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temperature of 40 °C and a pressure of 50 mbahnelmethanol in the system would
be in the vapour phase (B.P 33 °C at 50 mPafurther, at a jacket temperature of
60 °C, the methanol would be in the vapour phaseherentire limits of the pressure
range analysed. It is clear from experimental tesillat methanol is present in the
liquid phase in all experiments and hence the loake temperature is well below
that of the jacket temperature. This is due to féu that heat energy is lost to
convert the methanol near the vessel wall fromlitdngd to the vapour phase, and
further energy is lost due to the heat transfeistasces (dominated by wall to solid
and solid to bulk resistances) that are presetitansystem, these effects have been
described previously by Schlunder and Mollek&pfn the experiments described
here, jacket temperature had the smallest effe¢dherdrying time, but appeared to
be a more significant factor when intermittent aiyin was employed rather than
continuous agitation. As expected, the drying edté0 °C was greater than that for

40 °C (shown most clearly in Figure 5-2 d)).
5.3.2 Off-line particle size analysis: LD, QICPIC and PIMS

Dry powder samples were removed at the end of daghg experiment for analysis
by LD, QICPIC and also PIMS at GSK. The data weramnaned to determine the
extent of attrition that occurred during each oé tlrying experiments and to
correlate to trends in the Raman data. Figure 5-3- a) shows the volume

distribution obtained for each of the 8 design in
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Figure 5-3: Volume distribution of COA particles before drying (red trace) and
after continuous (blue) and intermittent (green) @itation for. a) jacket
temperature of 40 °C and 50% LOD, b) jacket temperture of 60 °C and 50%
LOD, c) jacket temperature of 40 °C and 100% LOD, ad d) jacket temperature
of 60 °C and 100% LOD.

The laser diffraction volume distribution for COArtbe separated into three distinct
peaks. First, there was a mode at around 800 ptheifbefore drying” data and the
intermittently agitated data (exception is Figure 3)), which had decreased
significantly in size in the data for the continsbuagitated particles, signalling that
most of the longest needles had been broken in&dlanones. Secondly, there was a
mode at around 90 pum, which corresponded to thke dluthe particles (medium
length needles) in the “before drying” data and tesser extent in the data obtained
from intermittently agitated data. This is due tartm more medium and long needles
being present before drying was commenced, anceftrer the LD instrument
detected more of the particles based on their geevdentation when diffracting the
beam. Lastly, there is a mode at around 20 pnbatable to needle width, which

116



appeared as a shoulder in the before drying digtab data, but was the prominent

mode in the data for continuously agitated parsicle

In volume distribution plots, the data are weightedards larger patrticles, i.e. one
large particle will have a big effect on the dakdamed as the volume of one large
particle is the equivalent of several hundred arethousands of fine particles. This
means that the peak occurring at around 800 unkab/Ito be caused by a small
amount of particles and therefore the disappearaficguch a peak in the dried
particles data does not signify that there has laelamge change in the particle size
distribution. The change in ratio of the two smalbeaks, however, does indicate
that a significant amount of attrition has takeacgl. The decrease in the peak at
around 90 pum is synonymous with an increase irsittee of the fines peak at around
20 pm. This indicated that the bulk of particlesrevéragmented into smaller
particles, i.e. attrition had taken place. In eadhthe plots in Figure 5-3, the
continuously agitated particles displayed a biggesportion of fine particles in
relation to the intermittently agitated samplesameg that the number of particles
that had been fragmented was greater in those samphe reasons for this are

discussed in the next section, where Raman daladsconsidered.

As well as laser diffraction, particle size anadysias carried out using Sympatec’s
dynamic image analysis QICPIC system and the parimaging measurement
system (PIMS) developed in house at GSK.

The QICPIC Feret Max data shown in Table 5-2 gatiliely agreed with the LD
data obtained with a reasonably good correlation <(r0.92). As previously
discussed, the Feret Max diameter from QICPIC sffdre best quanititative
representation of needle-shaped particles due ¢o bisis of the calculations
involved. For this data set, however, LD and PIM&eavused to make conclusions
based on the drying data as QICPIC was not availablthe time the study was
carried out (usage of QICPIC instruments was kindliered by Sympatec Ltd
meaning that analysis could only be carried outeatain times throughout the
duration of the project). The QICPIC measuremergievearried out at a later date to

ensure completeness of the study, however, dueetgdod agreement with the LD
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data, did not require a full report here. In latctions, QICPIC and LD

measurements of dried samples are discussed equally

PIMS uses proprietary algorithms to generate a munabstribution and particle
statistics from images that are recorded inragitu flow cell based on the particle
length and width. Figure 5-4 shows an image andtkedistribution vs. circularity
data for samples of COA: a) before drying, b) frexperiment 1 and c) from
experiment 2. The images in Figure 5-4 show cleffierdnces between the COA
particles after continuous and intermittent dryivagl taken place. Where continuous
drying had been carried out, nearly all the pagtiéh the image had been fragmented
into much smaller needles and many particles ngdomesembled needle-shaped
morphology. Conversely, after intermittent agitatinad been carried out, the
majority of the particles had retained their loregdle-shape. This was confirmed by
examination of the length vs. shape plots for eaickthe data sets. In the before
drying COA data set, there are a large number dfgies that have low circularity
with long length dimensions i.e. needles. Therals an area of higher density
where the particles have low circularity and leng@® — 140 pm, which correlates
well with the major mode in the LD data. When loukiat the data for the
continuously agitated sample, the number of pagielith low circularity with long
needle length had decreased considerably, showatgektensive attrition had taken
place. The area of higher density of particles olexkin the before drying sample
had also decreased and the plot only displays aa af high density of small
particles with high circularity, again suggestirwatt extensive attrition had taken
place. The effects observed in the continuousliased dried sample are not seen in
the intermittently agitated dry particle sample atierefore, suggests that extensive

attrition had not taken place in this sample.
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Figure 5-4: Flow cell image of COA and length vs.h@pe density plot for a)
sample of COA taken before drying, b) sample takerafter experiment 1
(continuous agitation), and c) sample taken afterx@eriment 2 (intermittent
agitation).

The information gained from the particle size assyf the dried powder samples is
an excellent starting point to examine the effedtgarticle size on the Raman
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spectra of COA in real — time during drying. Fiysthe effects of COA particle size

on the Raman spectrum was examined off-line usipgdwder samples.
5.3.3 Particle size effects in Raman spectra of COA

Raman spectra are known to contain particle simmnmation, although, there has
been conflicting articles in the literature as tbether or not the Raman signal
increases or decreases with increasing partick*SErom previous work carried out
at the University of Strathclyde, a decrease in &aignal has been observed with
increasing particle size for needle shaped pasti@tbeit it for low aspect rather than
high aspect ratio needle¥).In Figure 5-5, the i derivative Raman signal at
1749 cnt is displayed for 2 g samples of dried COA (fronpesiments 1 — 8 and
centre points from Table 2) measured off-line using PAT probe and external
sample compartment accessory. In this Figure, Ratatmis plotted against median
particle size (d (0,5)) measured using laser diffos.

410 1
¢ DoE points
390 - M Centre points

Before drying sample
370 ¢ { +
350 -
330 -
310 - {
290 - 'I'

270 1 |

1st derivative Raman signal at 1749 crh(counts)

250

20 25 30 35 40 45 50 55 60 65 70
d (0,5) median particle size (um)
Figure 5-5: 1* derivative Raman intensity at 1749 cnf for static COA samples

measured off-line using the PAT probes external sample compartment.

In this data, the Raman intensity appeared to wetty decreasing particle size until a

threshold particle size was reached, at which pdam# Raman signal no longer
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changes with further decreasing particle size. Sdmple with the biggest patrticle
size (before drying data) displayed the lowest Ramsignal and the continuously
agitated samples (smallest particle size) displayedhighest signal. As a 6 mm
illumination spot size was used, a plausible exgtian for this effect is that bigger
particles will not pack as efficiently as smallenes. Therefore, as the median
particle size of the samples decreases, therebwila smaller amount of air gaps
between the particles and, although, the firstrlayearticles for all samples will be
efficiently excited with laser light, the subsequéyers would be more efficiently
illuminated and thus, contribute a higher numberRaiman photons back to the
detector in better packed samples. It is importarriote that only the length of the
needles changes while attrition takes place whetbhaswidth remains almost
unchanged. Therefore, the overall effect obsersanare likely due to the packing
density of the bulk rather than from the actuafedénce in particle size, i.e. a bulk

density effect rather than a particle size one.

Looking more closely at Figure 5-5 and Table 5thdcame clear that the type of
agitation had a significant effect on the extentatifition that occured. With the
exception of experiment 4 (intermittent agitatioB) °C, 100% LOD), the
intermittently agitated particles were subject ésdl attrition than the continuously
agitated particles. A plausible reason for this banrationalised when considering
the forces that the particles experienced duriegttvo different methods of drying.
Particles that were continuously agitated were estibfl to a continuous level of
shear throughout the process, meaning that theme imfanitely more collisions
between particles with the impeller, the walls ath@mselves than when an
intermittent agitation strategy was employed. ]ttigerefore, reasonable to suggest
that these forces were the primary cause of parfredlgmentation and therefore a
correlation should exist between drying time anteei of attrition. Although an
apparent correlation in the data presented doest, ekihas to be noted that the
samples were extracted for particle size analysteeaend of each experiment and
not at the time when drying was complete. Howewefuture experiments, samples

will be taken when the end point of drying has batrained as identified from the
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drying curves derived from Raman spectra measuredal-time during the drying

process as described in this study (discussed apteh6).

There also appeared to be a relationship betweeextent of attrition and % LOD
where an increase in loss on drying resulted imarease in extent of attrition. For
example, looking at experiments 1 and 5 from T&ble(continuous agitation, jacket
temperature 40 °C, 50% and 100% LOD, respectivalghange in d (0,5) of 29 um
was observed for 50% LOD and a change of 40 prmi@0f6 LOD. To explain this
effect, the forces that the particles are exemeddre considered. When 100% LOD
was employed, the particles became saturated hatlsdlvent and, therefore, formed
what could almost be considered a slurry or pastiwough the drying rate was
quicker at the onset of drying, as solvent is freedch more readily from the
particles, it takes longer for the solvent to bmaoged from the system as the rate

decreases and, therefore, longer agitation of ainiécfes resulted in more attrition.

By carrying out two centre point experiments ag pathe experimental design for
this study, the explanations given above concerrtimgy impact of the drying

conditions were scrutinised. If the data obtainemf experiments 1 — 8 could be
used to predict the outcome of the centre poineerpents, it might be expected that
the drying end points and extent of attrition foege experiments would be similar to
the mean values obtained from the four design pdiot each type of agitation.

Therefore, the mean drying end-points and d (@@nfLD were calculated and used
to predict the outcomes of the centre point expemnits. A comparison of actual and
predicted drying end points and extent of attritionthe centre point experiments is

shown in Table 5-3.
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Table 5-3: Predicted and actual drying end points iad extent of attrition for
intermittent and continuous agitation of COA patrticles for the centre point

experiments.

Agitation Predicted Measured end Predicted  Actual d (0,5) for

type End point/ h point/ h d (0,5)/ um centre points/ um
Continuous 1.75 1.90 32 32
Intermittent 2.86 3.27 49 50

The data in Table 5-3 shows that both the dryingetand extent of attrition can be
predicted when the drying conditions are changethiwithe design space. This
suggests that it may be possible to optimise ther dvperating conditions to
minimise attrition and drying time, although asigaded by the results of this study,
these parameters are inter-related. It would bé&mbele, however, to monitor the
particles in real time, so that any changes inphsicle size can be known during
drying, which may reduce the need for extensivdin& particle size analysis at the
end of drying.

5.3.4 More in-depth analysis of the Raman Data obtained wuring drying

Figure 5-6 shows the initial 10 Raman spectra ctd#® from experiment 1
(continuous agitation, 50% LOD and jacket tempeetd °C). When methanol was
added to the vessel (red spectra), two main efigete observed. First, there was a
positive baseline shift of about 2000 counts, aedomd, the appearance of a
significant methanol peak centered at 1036 cappeared. A first derivative
transformation was carried out (11 smoothing p(,)irﬁ‘é,j order polynomial) to
remove the effect of the baseline shift so thahgea in peak height and shape could
be investigated. The region of the first derivatbpectra showing the methanol peak

at around 1036 cthis shown in Figure 5-7 for the initial 10 measueens.
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Figure 5-6: Initial 10 Raman spectra of COA dryingexperiment 1: continuous

agitation, 50% LOD, jacket temperature 40 °C {— before addition of methanol

data, — after addition of methanol data).
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Figure 5-7: Initial 10 1** derivative Raman spectra from experiment 1 (1000 —
1075 cm') displaying the changes in peak shape and heightud to the
contribution of methanol (— before addition of methanol data— after addition

of methanol data).
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Figure 5-7 shows a change in the peak height aignificant change in peak shape
from the dry COA data upon the addition of methafdlus, the rate of removal of
methanol during drying could be monitored by plaita time series plot of the data
at 1044 crit, where there was minimal interference from the Cpukticles (as

shown in Figure 5-7, where the contribution of C@Athe spectrum of the dry
particles is approximately 0 at 1044 &m A plot of I derivative Raman intensity at

1044 cmvs. time is given in Figure 5-8.
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Figure 5-8: Change in the I derivative Raman signal of methanol at 1044 cih

for experiment 1 (continuous agitation, 50% LOD and jacket temperature

40 °C) with three stages of drying identified.

The removal of methanol from the COA particles banseparated into three phases
for this data. There was an initial phase (timeqakt in Figure 5-8) where methanol
was removed at a constant rate, after approxim&@Ignin, however, there was an
increase in drying rate (time peri@dn Figure 5-8) which lasted for approximately
another 30 min. The drying rate then seemed tcedsersignificantly (time pericgi

in Figure 5-8) until a steady state signal was hmedcafter a total of 90 min. At this
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point, there is no more removal of methanol from plarticles and they are therefore
considered to be dry. The observations are consistgh those of Michauckt al.
who successfully modeled the three (sometimes fauoyvn phases of drying when
investigating the vacuum contact drying of potassichloride and ethanol
systems®40

The three phases were described as: a constantphaige, where the solvent
concentration is above a critical value; a traositiphase, where the solvent
concentration falls below the critical value aneé tiate begins to decrease slowly;
and a falling rate phase, where the drying rateedeses significantly below a second
critical solvent concentration. There is evidendett®e constant and falling rate
phases in Figure 5-8 (time perid2land3), however, the drying demonstrated during
time periodl seems to differ from the Michaud model proposedhasdrying rate
was less than the drying rate for the constantplaése. This observation was unique
to the data of experiment 1 and a similar effec a@en by Lekhadt al.in some of
their studies of potassium chloride and water systand is described in the drying
literature as an induction period, when the matasabeing heated early on in
drying.” 3 The data for the other continuously agitated expenis correspond
closer to the model proposed by Michaaidl.,as illustrated in Figure 5-9 (Michaud
et al did not model the induction phase).
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Figure 5-9 Change in the ' derivative Raman signal of methanol at 1044 cth

for experiment 3 (continuous agitation, 100% LOD ad jacket temperature

60 °C) with 3 stages of drying identified.

Monitoring the drying experimenis situ by Raman spectrometry has advantages
over off-line %LOD measurements as informationas anly gained from the drying
curve, but also about what is happening to theighest By studying regions of the
spectra where methanol contribution is negligilthey signal arising from only the
particles can be recorded. The spectra in Figutellbistrate that the contribution of
methanol should be minimal at 550 — 950 ctRigure 5-10 shows the initial 10 first

derivative spectra for that region from experimént
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Figure 5-10: Initial 10 1% derivative Raman spectra from experiment 1 (550 —
950 cm?) displaying spectroscopic information from COA (— before addition of

methanol data,— after addition of methanol data).

As methanol does not contribute to the spectréhénregion 550 — 950 ch any
change in the Raman signal observed was assumbd tlhue to a change in the
signal arising from the COA particles (apart fromsmall contribution from the
PTFE agitator ~740 ci). An increase in Raman signal occurred upon ttiitiad

of methanol to the vessel (Figure 5-10). Previouslyhis report, an increase in
Raman signal was observed owing to better packisgnaller COA patrticles, which
increased the bulk density of the bed. The incréadgaman signal on addition of
methanol, illustrated in Figure 5-10, was attriloute a similar effect whereby there
was better packing of the particles. When solveas wixed with the powder, air
gaps between the particles were filled with liqaidd this caused the particles to
stick together due to liquid bridges being formdthis in turn resulted in a net
increase in the bulk density of the powder, whiebuitted in an increase in Raman
signal.
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Further to increasing the bulk density of the g#t, the addition of methanol may
have also resulted in a change in the refractidexrof the bulk powder by acting as
a lens that focused the laser further onto thagbest it follows that this would also
result in an increase in the Raman signal generfabed COA as better excitation
would be expected. For the analysis of this datahesvever, the possible lens effect
was not considered and conclusions are drawn lmasédlk density effects only. An
investigation into these effects may give furthesights into the generation of

Raman signal from wet particles and should be camned for future study.

Changes in the Raman signal that occur when thle dbeihsity of the powder is
altered will limit the ability to monitor changen particle size caused by attrition
using Raman spectrometry. The top of the dryingecakwhere the most loosely
packed particles are located and so Raman measuiemade in this region are
most susceptible to bulk density changes. A prdspesolution is to monitor the
particles from a part of the drying cake where hagksity does not vary so greatly,
i.e. near the bottom of the cake where the weifth@particles above would help to
compress air gaps. The observations from this stmeydescribed in Chapter 6, and
furthermore it should be noted that many windowsgliaduction scale vessels are
located on the side near the bottom of a vesseltlaml variations in bulk density
effects may be less significant. Although changethe bulk density of the particles
have been shown to complicate Raman measuremerggyndicant amount of
information can still be obtained about the staiftishe particles during drying. A
drying curve similar to that produced for methamwals obtained for COA using the
region 550 — 950 cthshown in Figure 5-11, although the C=0 peak at01at5"
could also have been monitored. Multivariate ppgatcomponent analysis (PCA)
was performed on the'Ierivative data obtained for 550 — 950 tduring drying.
PCA is a data reduction technique that plots tha dato a set of orthogonal axis
known as principle components (PCs). Each componasitan associated loadings
matrix, which describes the weighting of the infatron that is contained in a PC,
and a scores matrix which describes the projectafnthe data set onto the PC.
Figures 5-11 and 5-12 show the scores and loadglilugs, respectively, for PC 1 for

the spectra recorded from experiment 1.
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Figure 5-11: PC 1 scores for the COA contributiond the Raman signal (550 —

950 cm?) for experiment 1 (continuous agitation, 50% LOD jacket temperature
40 °C).
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Figure 5-12: Loadings for PC 1 for the COA contribuion to the Raman signal
(550 — 950 crit) for experiment 1.

130



In Figure 5-11, there are three distinct regioresent that coincide with the regions
observed in Figure 5-8 when the removal of methaved monitored. In order to
evaluate the data in these regions, the informahanis described by the PC must
be understood first. To do this, the loadings fotPC 1 was analysed.

The loadings plot for PC 1 described 95.21 % ofligance observed in the data set
and was anti-correlated with the spectra obserVéden a loadings plot is anti-
correlated to the spectra, an increase in PC steseribes a decrease in Raman
intensity in the spectra and vice versa for a dezan PC score. In PC 1 (Figure
5-11), there was a decrease in the scores upadttiBon of methanol meaning that
there was an increase in Raman signal (time pdrimdFigure 5-11). This was due
to the increase in bulk density from the methailbhd the air gaps between the
particles as the particles are mixed. A point wantreached where the particles
began to aggregate and the PC scores began t@secfeéme perio® in Figure
5-11). This resulted in a decrease in the Ramamakigue to the effect caused by
aggregation, where many particles stick togethdomim bigger ones which reduces
the bulk density (although increasing the densitthe agglomerates). If the Raman
spot was focused on a single agglomerate, it woeadexpected that the Raman
signal would continue to increase as the bulk dgnsicreased. However, the
decrease in Raman signal observed was due to tregages moving round within
the agitator with large air gaps between them. Hffisct continued into the third
phase of drying where the largest aggregates wenedf (time period in Figure
5-11). A plateau in the Raman signal was seenistpibint until a critical point of
drying was reached where the solvent concentréi@mhdecreased enough so that the
aggregates could break up. At this point, the Rasigmal increases (decrease in PC
1 scores) due to the fewer air gaps between thelear aggregates. The aggregates
continue to break up until the particles were drgl a steady state Raman signal was
observed (time period in Figure 5-11). The interpretation of the Ramaatad
coincided with observation of changes in the plalsgtate of the power during
drying where formation of balls and disintegratminthese balls to smaller particles
were noted, termed balling. An example of this kofdagglomeration is shown in
Figure 5-13.
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Figure 5-13: Image of aggregate found in drying exgriments.

A similar investigation was performed for the Ranata for experiment 3. Figures
5-14 and 5-15 below show the scores and loading fdo PC 1, respectively, for the
data. Here, the loadings plot was correlated whith ' derivative Raman spectra
meaning that an increase in Raman intensity rebuttean increase in PC 1 score
(PCA models were constructed individually for eaeha set as well as collectively
using all the data from continuously agitated expents. The data reported here are
the results from the individual PCA data sets, laece, the reason that the loadings
on PC 1 for experiment 1 are anti-correlated tosectra, which is opposite to the
data for experiment 3. In the collective data $le¢, loadings for PC 1 are anti-

correlated to the spectra for all experiments).

In PC 1 (Figure 5-14) there is an increase in scopon the addition of methanol,
again, attributable to an increase in bulk denagybefore (time period in Figure

5-14). In Experiment 3, the solvent concentraticaswdouble that of experiment 1
and therefore the second phase of drying, whereeggtes are formed, occurred
over a longer time period (time peri@dn Figure 5-14), This is due to the solvent
concentration taking longer to decrease to a ledmre the particles agglomerate in
balls. These large agglomerates were formed evignt{iame period 3 in Figure

5-14), before breaking up as the solvent conceatratecreased further until a point

was reached where the particles were dry (timeogdrin Figure 5-14).
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Figure 5-14: PC 1 scores for the COA contributiond the Raman signal (550 —

950 cm?) for experiment 3 (continuous agitation, 100% LOD, jacket
temperature 60 °C).
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Figure 5-15: Loadings for PC 1 for the COA contribdion to the Raman signal
(550 — 950 cnit) for experiment 3.
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An objective of this study was to investigate tHéeas of attrition onin situ
measurements by Raman spectrometry and monitce gféects in real time. For the
experiments conducted in this study, the partide s only known at the beginning
and the end of drying (refer to Table 5-2). Pagt®lze measurements were not made
at different stages during these drying experimeneaning it was only possible to
investigate whether the Raman signal was correlaigoarticle size at the end of
drying. Figure 5-16 shows the averadederivative spectra for the final 100 spectra
for each data set for the continuous agitation expnts as well as the equivalent

spectrum for dry COA.
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Figure 5-16: Average 1st derivative Raman spectré&60 — 950 crif) for the final
100 spectra from each continuous drying experimentor COA before drying.
The peak at 725 crit is attributable to PTFE from the agitator.*

The data for experiment 5 (green spectrum) in 4.6 is different to those of the
other experiments because of window fouling thauoed after about 2.1 hours (see
Figure 5-2 c) and so was discarded. The others#dtain Figure 5-16 did show some
variation, however, this variation was minimal. \Roeis studies of the Raman

spectra of static COA revealed that there was saumiaite correlation between the
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Raman signal intensity and particle size. Howesach a correlation could not be
demonstrated for either the continuous agitationntegrmittent agitation data sets.
PCA was applied to the spectra in Figure 5-16 (othan for experiment 5) and
Figure 5-17 shows the scores plot obtained for RE. PC 2.
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Figure 5-17: Scores plot for PC 1 vs. PC 2 for comuous agitation data set (550
— 950 cmt).

Figure 5-17 demonstrates that there is not a sogmif relationship between particle
size and then situcontinuous Raman signal at the end of the dryingearments for
the orientation of the probe used (i.e. throughiadew in the lid of the drier).
Although a significant difference was observed anfan signal when static off-line
samples off different particle size were measufadufe 5-5), it is likely that the
variation in the measured signal caused by the mewe of the particles was greater
than the variations in the spectra caused by clzamgeparticle size. Also, as
mentioned previously, collecting spectra from tbp of the drying cake is not the
best orientation fom situ spectrometry as it is the region of most variaot¢he
powder bed.
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A similar investigation was preformed for the datdlected from the intermittent
agitation experiments (not shown). However, ag#ie, change in Raman spectra
could not be correlated to the change in partiae sf COA either with univariate or
multivariate analysis. Although the particles wstatic as Raman data was collected,
poor mixing of the particles in the agitation pelsomeant that the cake height and
bulk density varied depending on where the laset sg@s directed. This, again,
demonstrates a limitation of data collection thiowg window on the top of the
vessel, as these effects may be minimised at arlpam of the cake, i.e. through a

side window.

Partial least squares regression was performedtinthe continuous agitation and
intermittent agitation data sets, and also onwedata sets combined. Although, the
regression technique could fit models to the daith welatively low root mean

standard errors of calibration, the predictive iibg of these models was extremely
poor based on the small amount of variation inddi@ sets and will not be discussed

further at this stage.
5.4 Conclusions

In situ Raman spectrometry has been applied to monitordiyeng curve of

methanol from COA. A drying curve for each expenmnaevas produced by
monitoring the ratio of R-OH methanol peak agathst C=0O peak from COA. By
using a factorial design of experiments approduh effects of three drying variables
on drying time and extent of attrition were alsdetimined. It was found that all
three variables (method of agitation, % SLOD andkea temperature) had a
significant effect on the drying end point as expdc When extent of attrition was
considered, however, the method of agitation hadtggest effect, although both %

SLOD and jacket temperature did have some conioibatiso.

A region of the Raman spectra free from methanaitrdoution was analysed to
monitor the status of the particles during dryifigis allowed the identification of
the formation and break up of agglomerates thataxded with the various stages of

drying. This was verified by visual examinationtloé particles during drying.
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The impact of attrition on the Raman spectra of theed COA particles was
determined using off-line Raman analysis, and aestigation of these effects was
also carried out for thm situ spectroscopic data. It was determined that parsicie
effects could not be identified in the situ data due to the greater influence of
various effects such as spectral noise createddwnm particles for the continuous
agitation data, and bulk density effects in theenmittent agitation data. It was
concluded that the position of the probe may neduktoptimised (e.g. located closer
to the bottom of the packed bed) for future anay&e reduce these effects, and
allow an indication of particle size changes todeeived from then situ spectral

measurements.
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6 Further studies in particle drying: Isolation of COA particles

from COA/ methanol slurries

6.1 Introduction

In Chapter 5, the results of a DoE study that itigated the effects of three
controllable drying parameters on the Raman detexdhend point and the extent of
attrition when methanol was removed from COA weesallibed. It was concluded
that although an off-line correlation between tfied#rivative Raman signal and LD
measured median particle size was establishedctieds in particle size could not
be detecteth situduring drying when the powder was analysed thraughndow in
the lid of the vessel. This was attributable to gineater influence of spectral noise
for continuously agitated particles and bulk densitfects created by the varying
particle bed height for intermittently agitated todes. The glass design of the drier,
however, allowed the non-invasive Raman probe tonbeinted in an alternative
orientation that permitted measurement through ghess wall of the vessel
underneath the oil jacket, rather than through ladaiv in the lid as described in
Chapter 5. Analysis through the side of the vess®} reduce the effect of noise on
the Raman spectra created by the motion of contisiyagitated particles due to the
sample volume potentially being more consistensoAhis orientation may reduce
the effect of local bulk density on the spectraorded of intermittently agitated
particles.

In order to mimic an industrial drying process dalaoratory scale, the effects of an
initial convective drying period on a packed bed rmoéthanol and cellobiose

octaacetate (COA) particles (pressure filtratioahd a subsequent conductive
agitated vacuum drying period were investigatechgidhaman spectrometry and
particle size analysis. The study consisted of paxs: firstly, the effect that batch to
batch variation of the starting bulk density of £@articles had on the drying curve
was investigated, followed by a study of the drynigCOA-methanol slurries, using

non-invasivean situ measurement by Raman spectrometry. Various diyengpds of

pressure filtration were utilised to “blowdown” tmeethanol concentration of the
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mixture with no agitation to different extents. $hwas done to produce different
degrees of particle wetness, as defined by thes ‘bmsdrying” measurement prior to
the start of the conductive period. Experiments ewearried out using both

continuous and intermittent agitation strategies.
6.2 Experimental

6.2.1 Equipment

6.2.1.1 Lab scale agitated filter drier

The design of the drier was described in sectidh15l. For the experiments
described in this work, the drier was assembled seaded before methanol-COA
slurries were added through one of the ports iflithehe port was then also sealed.
A positive pressure of nitrogen gNat 0.5 bar was applied to the slurry (delivered
from a cylinder through another port in the lid)damethanol was collected in a
solvent reservoir in the line. At the end of thegaure filtration period, the base of
the drier was connected to a vacuum pump and tbeuva was held between 50 —
100 mbar during vacuum drying periods, this was itwoed using a Pirani gauge
(Edwards, Crawley, UK) in the line. Also in the vaen line was a cold finger to trap
any solvent in the line before reaching the pump.thle commencement of the
vacuum drying period, the line was switched to exillthe remaining solvent that
was not removed during the pressure filtration he told finger using a PTFE

T-junction with two taps (shown in Figure 3-2).
6.2.2 Materials

The cellobiose octaacetate (COA) particles usedhmmwork described in Chapter 5
were re-crystallised at GSK (Stevenage, UK), theamstituted material was used to
complete the study described in this chapter. MeihgSigma-Aldrich, A5376,

Dorset, UK) was once again used as the solvent.
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6.2.3 Re-crystallisation of COA

The COA particles used for the DoE study in Chapterere re-crystallised on two
occasions (spring 2011 (batch 2) and summer 204tck{B)) at GSK (Stevenage,
UK). The following is a summary of the process usad GSK for the re-

crystallisation of regular grade COA:

COA (1.0 wt.) was added to acetonitrile (3.7 vahy heated to dissolution at 70 - 75
°C. The solution was filtered into a clean vesseité@ to 70 - 75C to ensure
dissolution and then cooled over 30 mins to 60 °G2The batch was then seeded,
(0.0008 wt.) at 62C before the slurry was cooled down to 20 — 22 *6%/h. To
the slurry, methanol (3.7 vol.) was added over arhoaintaining the contents at 20
— 22°C and then the slurry was further cooled to G &t 5°C/h. The slurry was
aged at 0 — 8C for at least 1 hour. The slurry was then isoldtediltration and the
cake washed with 5 x (0.8 vols.) of methanol. Thedpct was dried in a vacuum
drier with no agitation at 56C 3 °C)/10 — 75 mbar. The batch was judged dry

when residual solvent content was < 0.5% w/w. (Repprange, 70 to 85%).
6.2.4 Raman Spectroscopy

A Kaiser Rxn 1 Raman spectrometer witlAPP probe (Kaiser Optical systems, Ann
Arbor, USA) was used to monitor the drying process-invasively through the
glass wall of the bespoke vessel (for instrumesealip, refer to section 5.2.3). Each
Raman spectrum was recorded with a 30 s integratme with one spectrum
recorded every 35 s. For all Raman experiments, vigisel was wrapped in
aluminium foil to remove room and natural light frothe spectra and to aid

maximum recovery of Raman scattered photons tdetector.
6.2.5 Loss on drying analysis

Samples were taken at the end of each drying pddaodoss on drying (LOD)
analysis. A sample thief probe was made by cutiregbulb of a plastic pipette tip
and for each sample the bulb was filled with powftem the vessel. The total

weight of sample was measured on collection aret atatic drying in an oven. The
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LOD is the percentage of weight lost during drybased on the initial weight after
extraction from the drier. After oven drying and DQanalysis, the samples were

subjected to particle size analysis.

6.2.6 Particle size analysis

6.2.6.1 Laser Diffraction

A Malvern Mastersizer 2000 (Malvern Instruments,rééstershire, UKyvas used to
analyse the sub-sampled powder by laser diffraatging the method described in
section 5.2.4.1.

6.2.6.2 QICPIC image analysis

Sympatec QICPIC image analysis was performed usiad-IXELL wet dispersion
unit using the method described in section 5.2.4.2.

6.2.7 Bulk and tapped bulk density

The bulk density (BD) was measured by gently paur®OA into a graduated
measuring cylinder until a fill volume of 70 — 100#as reached. BD was then
calculated by the dividing the mass of materialrpdunto the cylinder by the fill
volume of the powder (quoted in g ML The tapped bulk density (TBD) was
measured by performing a series of taps on a wosddace in defined increments.
TBD is defined as the mass of sample divided bywvbkeme (after the volume
remained constant for two successive series’ f)tafphe increments used were as
follows (number of taps(total number of taps)): 10 (10), 40 (50), 50 (100), 100
(200), 300(500), 250(750). The cylinder was cleaned with water and driechgi$i,

gas between measurements.

6.2.8 Monitoring of drying curve for COA-methanol by non-invasive Raman

spectrometry

250 g of COA was transferred to a 2 L conical flagore 1 L of methanol was
added. The resulting slurry was transferred frocorical flask into the drier through

a port in the lid, the conical flask was then rohseith 100 ml of methanol and
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transferred into vessel before the port was seaedositive pressure of nitrogen
(N2) at 0.5 bar (measured by the pressure gauge arylineler) was then applied to
perform a) a pressure filtration resulting in a ket bed of particles and b) & N
blowdown convective drying period of the packed bmdparticles. After time
periods of 0 (no convective drying, cake allowedilter for 1 hour at atmospheric
pressure), 10, 20, 30 and 60 minutes, thefdéd was stopped and a sample was
extracted for LOD and particle size analysis. Vanuagitated filter drying with
continuous or intermittent agitation at 10 rpm wWlesn started and the powder was
deemed to be dry when the Raman signal remainedstady state for 15 mins
(ratio of a COA:MeOH peak). At this point, a seca@ainple was taken for LOD and
particle size analysis. The oil jacket temperaturas held at 60 °C for all

experiments.

6.3 Results and discussion

6.3.1 Comparison of spectra measured from the side and poof vessel

In the previous DoE study (Chapter 5), the Ramab@mas positioned at the top of
the vessel with analysis of the COA powder achiebedugh a glass window in the
lid with an approximate thickness of 0.5 cm. Far &xperiments described here, the
probe was directed at the sample through the gladkof the vessel that has a
thickness of about 1.5 cm. An example spectrum OGACGind methanol recorded

through the glass wall is given in Figure 6-1.
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Figure 6-1: Raman spectrum of COA and Methanol recaled through side of

glass drier.

A large background in the spectrum is observed atewumber shifts greater than
1150 cm' which was caused by the thick glass wall of thesekshowever, at
wavenumbers less than 1150 tnthere was very little contribution to the Raman
spectrum from the glass. Therefore, all data arsalss performed using Raman
intensities at wavelengths lower that 1150 ‘cmAdditionally, in the drying
experiments, the PTFE agitator passed at approgiynatmm from the inside wall
of the vessel which resulted in a greater PTFE rdmriton to the Raman signal
being observed compared to the experiments report€hapter 5. The penetration
depth of the PAT probe (400 mW at source, 6 mm spot size) has eeasured
previously and was found to be > 3 mm when the Rasignal arising from a Ti©
disk was measured through increasing depths ofeAvispirin or sodium nitrafe.
When multivariate analysis was performed the pathe spectrum caused by PTFE

was omitted from the data.

6.3.2 Comparison of different batches of COA

The average *iderivative Raman spectra of recrystallised COAles 2 and 3 are
shown in Figure 6-2 and thé' tlerivative region from 1500 to 1700 ¢tis shown in

Figure 6-3 (average spectra of three 2 g sub sangéeh measured in triplicate).
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The T' derivative Raman spectra for COA batches 2 andeBwgenerally similar
when the peak positions were considered, as ismslioWwigure 6-2. However, there
was a small difference between the two samplesoaind 1600 — 1620 cfmowing

to a peak that is present in batch 2 that is nesgmt in batch 3 (Figure 6-3). The
intensity of the additional peak is relatively lamd was likely due to an impurity
either from the reactor where recrystallisation ywadormed, or the drier where the
batch was dried and was not likely due to a sigaift chemical difference in the
samples. Nonetheless, it must be acknowledgeddéfeeence between the batches.
When the intensities of the peaks from batch 2k@atdh 3 were evaluated, however,
significant differences were observed. The databaich 2 displays greater peak
intensities at almost all peaks across the spedindioating that the average patrticle
size for batch 2 was lower than that of batch Bllows then that the bulk density of
batch 2 was greater than that of batch 3, as bardkity is directly related to particle
size and polydispersity (PD). In order to confirhist observation, particle size
analysis was carried out using both laser diffract{LD) and QICPIC dynamic
image analysis along with bulk and tapped bulk te¢measuremnts. The average
LD volume weighted distributions, and QICPIC Fdvktx distribution are shown in
Figure 6-4: a) and b), respectively, with mediantipie size and PD data given in
Table 6-1.
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Figure 6-4: a) LD volume distribution, b) QICPIC Feret Max volume
distribution for COA batches 2 and 3, respectively.
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Table 6-1: Median particle size, polydispersity (PD (from LD and QICPIC:
EQPC and Feret Max), bulk density (BD) and tapped blk density (TBD)

results from measurements of sub-samples of batch2sand 3.

LD? QICPIC: EQPC (left), Feret Max (right)

D50/ D50/ D50/ BD” TBDY
PD/ a.u. PD/ a.u. PD/ a.u.

pm pm pm g/mL  g/mL

Batch2 44+1 464+042) 74+2 141+0.84 283+20 1.63+0.24 0.27 0.42

Batch3 51+1 7.11+0.15 84+2 1.23+0.14 413+18 1.31+0.10 0.16 0.25

Particle size values quoted as mean + 1 standaddtibe (n = 3 for both batches)

®BD = bulk density, TBD = tapped bulk density (aff&0 taps)

The particle size data from both LD and QICPIC imagalysis showed that batch 2
had a smaller median particle size than batch ®gker, the two techniques differed
when PD was compared. In this case, PD was an dpmton of the span of
particles in a given sample and was calculated gusire following equation,
applicable to both LD and QICPIC d&t4:

_ (D90 — D10)

PD D50

(6-1)

where D10 and D90 are the™@nd 98' percentiles of the distribution and D50 is
the median value. Samples that have higher valreBD will generally pack better
than samples with lower PD values for samples eflleeshaped morphology. This
is because the smaller needles fill the interstizetsveen the longer needles, and in
doing so increases the bulk density of the samigte. different trends observed in
the PD data from LD and QICPIC are likely due tee tHifferent basis of
measurement for each technique. For LD, the caklalistribution is that of
calculated spheres, generated by the instrumemivaa, which have the same
scattering patterns as the particles observedadtbdeen shown previously that the

observed scattering pattern is dependent on thentation that a given needle
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diffracts the beam (either width or length axis)hwthe reported distribution being an
average of all orientatioisTherefore, considering the results for LD, batolhdild
appear less polydisperse than batch 3 as the @@ngeedle length in the samples
was less than that of batch 3, and as a resultPieresults become weighted
towards the increase in aspect ratio in the sanwpibsa higher proportion of longer
needles. Conversely for QICPIC image analysis, ghdicle size distribution is
dependent on the number of pixels that each pegeparticle fills on the imaging
CCD. Therefore, the orientation of the particlehe measurement window does not
affect the dimensions calculated for each of théigdas. The PD of the distributions
is, thus, independent of the way that the partiatesdispersed, and the distribution is
calculated either based on area (EQPC), or lerfgghef Max). Consequently, it is
likely that the PD calculated by QICPIC is moreresgntative of the sample, as the
aspect ratio (length/ width) is not factored inbt@ tdata. The bulk and tapped bulk
density results for batches 2 and 3 confirm thigdtlyesis as batch 2 displayed both
higher BD and TBD results than did batch 3, indi@athe particles packed much
better for batch 2. It has been shown previous§t #n increase in bulk density
results in an increase in the Raman signal gereriaten static samples, and
similarly for changes in bulk density during a grmtion experiment.Taking this
into account, it was assumed that the changes maRantensity observed were a
result of the differing bulk densities between liagches.

The Raman and particle size data were also compaitedthe initial COA batch

received from GSK (Tonbridge, Kent, UK) that wagdigo complete the previous
DoE study (batch 1) described in Chapter 5. It feasd that batch 3, although not
identical, was not significantly different from ;jth batch 2 displaying considerable

differences in particle size and, thus bulk density

It was important to confirm whether or not the éifinces between batch 2 and batch
3 had an effect on the drying characteristics efrtraterial, which would determine
if the batches could be directly compared. For, ttirging experiments were carried
out using samples of each batch. Slurries of COAewsade using the procedure

outlined in section 6.2.8 and drying was carried with a 60 min convective N
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blowdown period followed by a continuously agitateacuum conductive period
which was carried out until a steady state had breanhed in the Raman signal.
Representative drying curves based on the methaomtibution at 1044 cthare
shown in Figure 6-5 for batch 2 and 3, respectively

2000 +

=Batch 2
1500 - N, blowdown, ==Batch 3
convective drying
1000 - period
Vacuum agitated,
conductive drying

500 1 period

1st derivative intensity at 1044 cm' (counts)

-500 7 v ¥ "
00:00:00 00:30:00 01:00:00 01:30:00 02:00:00
Time (hr:min:sec)

Figure 6-5: Representative drying curves of metharaontribution at 1044 cmi*
for batches 2 and 3 based on Raman measurements oeded through the side of
vessel; 60 min convective period followed by condtiee drying until a steady

state was reached.

The drying curves for batches 2 and 3 showed dhifedrying characteristics during
the N, blowdown period where the particles from batclp@eared to dry at a greater
rate during the convective drying period than tratiples from batch 3. This
observation was consistent for all experiments ootetl with particles from batch 2
compared to those from batch 3. The reasons fercdm be described by considering
the smaller particles (shorter needles) presefaich 2. During the Nblowdown
period, the drying rate can be affected by two p@ters: the contact drying as a
result of heat transfer from the surface of thesekto the particles, and convective
drying from the carrier gas to the particles. Tiéknce in drying rate for fine and
coarse particles as a result of contact from theselewalls has been described

previously, albeit for mechanically agitated paeticby Schlunder and Tsot<as.
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Using theoretical modeling and experimental data dpherical particles, these
authors determined that fine material dries atséefarate than coarse material under
the same conditions. This occurs as the contact traasfer coefficient(a,,)

increases strongly with decreasing particle diametethe following relationship:®

22¢/d N 7-2
a
VZ+@2L+28)d

Ays = cI)Aawp + (1 -y

Whereda is a plate surface coverage factaf, is the heat transfer coefficient for a
single particle, d and are the particle diameter and roughness, resgégtivis the
mean free path of the gas molecules, @ngs the radiative heat transfer coefficient.

awp IS also affected by changes in particle diamter.

Conversely, for the experimental conditions desttilin these experiments, it is
likely that the effect on the drying rate of thengective N gas is far greater than
that of heat transfer from the walls in a statid lzad, therefore, the increase in
drying rate from batch 2 to batch 3 was most likedy due to an increase (4, for
the smaller particles. Instead, the increase imdryate was likely attributable to the
greater total surface area of the smaller parti(desrter needles), allowing the: N
gas to carry away the excess methanol at a quiekerthan for larger particles
(longer needles). In batch 2, the Mas had removed effectively all the methanol
with an LOD of 0.01% wt/wt remaining after 60 mimhereas for batch 3, a higher
LOD of 3% wt/wt was present after 60 min blowdown. In primary manufacturing
drying processes, organic solvents are typicallgddfrom APl material. Organic
solvents generally present a risk to patients, thedefore need to be dried to LOD
typically less than 0.5% wt/wt. For these reasarmvective drying is typically
employed to remove the majority of solvent from tbarticles before vacuum
agitated drying is utilised to remove the remainmgidual solvent. This is in
contrast to secondary manufacturing processes énherdrying media is generally
water (after wet granulation) that poses no rislpatients) where an LOD of 3%

wt/wt can be beneficial for the tableting procedure the experiments described
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hereafter, the data obtained when drying COA povirden batch 3 are discussed so
that better continuity with the DoE study descrilpeelviously is maintained.

6.3.3 Isolation Data

Table 6-2 shows the drying conditions for eachhef $even experiments carried out

during the study. In these experiments, an inNiablowdown period was followed

by a period of vacuum agitated drying that was teated when the ratio of two

peaks (MeOH: COA) had reached a steady state faniths

Table 6-2: Drying conditions for experimental dataset and LOD after each

drying stage.
LOD after
N> LOD after o o o
] Agitation  Agitation agitation
Experiment blowdown/  blowdown/ . '
strategy® period/ h  period/ %
h % wt/wt
wt/wt
1 0° 104° CA 2.167 0.05
2 0.167 22 CA 1.216 0.05
3 0.333 CA 1.750 0.18
4 0.500 CA 0.900 0.09
5 1.000 CA 0.500 0.35
6 0.167 40 A 0.100 0.29
7 0.500 15 IA 0.067 0.50

8CA = continuous agitation, IA = intermittent agitation (1 min agitation per 30 min of drying)

Pcake left to filter for 1 h at atmospheric pressureto allow enough methanol to be removed by

gravity in order to start drying. LOD quoted is after 1 h period
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The LOD at the end of vacuum agitated drying focheaxperiment was: 0.5%
wt/wt (Table 6-2). This confirms that situ Raman spectroscopic measurements are
suitable to determine the end point of vacuum sgitalrying in real-time. In this
work, the drying end point was decided upon bydperator monitoring the Raman
signal on a monitor and stopping the drying process the signal had stabilised for
a period of 15 min, however, if the method werebt implemented into a real
process, algorithms (such as moving standard deniatinalysis) could be
established in statistical software that could dtog process without the need for
operator approval. The data in table 6-2 also shbatsthe LOD at the end of the N
blowdown for experiments 1 — 5 decreased with @sireg blow-down time,
however, the relationship was not linear and carepessented by a decaying curve

as shown in Figure 6-6.
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Figure 6-6: Graph showing length of N blowdown vs. LOD after N, blowdown

for experiments 1 — 5.
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Figure 6-6 shows that the initial 0.167 h (10 npejiod of blowdown removes most
of the excess methanol, however, after this timatpthe rate slows significantly as
the more tightly bound methanol is removed. Theadallso indicates that the
optimum blowdown period for the data set is 0.5shtlze LOD decrease for an
additional 0.5 h is only 1% wt/wt, and thereforeswet a significant loss of solvent
compared to the energy supplied to the systemomtrast, when experiments 6 and
7 are also considered, greater variability thaneetgd of the LOD after N
blowdown was observed when compared with the redwdin experiments 1 — 5.
This effect was likely caused by the seal of theseé being slightly less tight for
experiments 6 and 7 than for experiments 1 — Sw8et each drying experiment,
the lid of the vessel was removed in order to reenine dry COA patrticles from the
drier and to clean the glass walls of the vessatjqularly the area where the Raman
probe was directed at the powder. It is likely thasmall leak had been created
between experiment 5 and 6 that meant thélbdwdown was not as efficient as for
experiments 1 — 5 although the same pressure wasdesl on the pressure gauge (as
the gauge is located on the cylinder before thealesThe fact that the LOD values
were not repeatable did not present a problem dodtita analysis for thie situ

Raman and patrticle size measurements discussbd foltowing sections.
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6.3.3.1 Continuous agitation

The purpose of carrying oun situ measurements during the removal of methanol
from COA particles was twofold: Firstly, Raman m&asnents were employed to
monitor the removal of solvent from the COA padg&lsing two approaches as with

previous drying experiments.

i) the change in the ratio of methanol: COA peak plated against time
in real-time using the IC Raman software (the peadsd for analysis
were two point baseline corrected from untreatetch&aspectra), where
the particles were deemed to be dry when a stdatly Isad been reached
for 15 min (Figure 6-7). At the end of drying, tata was exported into
MATLAB where further data analysis was carried out.

i) The second method for monitoring the solvent rerhénean the COA

particles was to plot the'Herivative signal of a methanol peak vs. time.

Secondly, attempts were made to correlate chamgéh®e iRaman spectra to correlate
to the measured or observed changes in the physheahcteristics of the particles
that occurred during drying (described in sectioB.41). This would allow the

possibility of real-time detection of attrition (agglomeration) during drying.

Drying curves based on the ratio of the methan@AMeaks (1044 cth 911 cnt)

in the untreated Raman spectra, and on the metipeadd centered at 1044 ¢rin
the1® derivative Raman spectobtained for experiments 1 — 5 are shown in Figure
6-7 a) — e) and 6-8 a) — e), respectively.
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Figure 6-7: combined N blowdown and vacuum agitated period drying curves
for experiments 1 — 5, based on the ratio of methah peak: COA peak
(1044 cm™: 911 cnmi®) in the Raman spectra. a) no Nblowdown (cake allowed to

filter at atmospheric pressure for 1 h), b) 0.167 MmN, blowdown, c¢) 0.333 h N

Time (hr:min:sec)

blowdown (10 min section of data removed due to Raan probe slipping from

original position, the probe was replaced at around1:07:00 and then adjusted
a 01:29:00), d) 0.5 h Nblowdown, and e) 1 h N blowdown. Dashed black lines

indicate the end of the N pressure filtration.
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Figure 6-8: combined N blowdown and vacuum agitated period drying curves
for experiments 1 — 5, based on the methanol peakntered at 1044 crit in the
1st derivative Raman spectra. a) No Nblowdown (cake allowed to filter at
atmospheric pressure for 1 h), b) 0.167 h Nolowdown, ¢) 0.333 h N blowdown
(10 min section of data removed due to Raman probslipping from original
position, the probe was replaced at around 01:07:0@nd then adjusted a
01:29:00), d) 0.5 h N blowdown, and e) 1 h N blowdown. Dashed black lines

indicate the end of the N pressure filtration.

From Figures 6-7 and 6-8 (also recorded in Tab®}, Ghere is a general trend that
shorter vacuum agitated drying periods are requaieen the LOD at the start of the
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period is lower. This was somewhat expected wherséime vacuum agitated drying
conditions were employed for each experiment (owmwotis agitation, jacket
temperature: 60 °C and pressure range: 50 — 100)dithough the data for the
vacuum agitated period after 0.333 h owdown (experiment 3 (c) in Figures 6-7
and 6-8) does not conform to the trend. Here, & @xpected that a vacuum agitated
drying time of around 1 h would be required to remthe remaining methanol (7%
wt/wt), however, the time required to remove thiveiot was 1.75 h. A small change
in the vacuum pressure can have a large effedt@drying rate, as the boiling point
of the solvent can change considerably. For exantipdeboiling point of methanol at
atmospheric pressure is 65 °C, whereas at 50 rithar33 °C*° Therefore, towards
the upper limit of the pressure range used in drgrperiments, the drying rate was
slower than near the lower limit due to the higbeergy required for the transition

of the methanol to the gas phase.
6.3.3.2 Intermittent agitation

Drying curves based on the removal of methanol ftoe@COA particles were also

produced for the two intermittently agitated expents. The curves based on the
intensity ratio of the COA: methanol peaks for expents 6 and 7 are shown in

Figure 6-9 a) and b) and Figure 6-10 a) and bpeetsvely.
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Figure 6-9: Combined N blowdown and vacuum agitated period drying curves
for experiments 6 and 7, based on the ratio of metimol peak: COA peak
(1044 cm': 911 cni') in the Raman spectra; a) 10 min N blowdown, and b) 30
min N, blowdown. Dashed black lines indicate the end ofhé N, pressure

filtration.
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Figure 6-10: Combined N blowdown and vacuum agitated drying period curves
for experiments 6 and 7, based on the methanol peak 1044 cnmt in the 1%
derivative Raman spectra; a) 10 min Nblowdown, and b) 30 min N blowdown.

Dashed black lines indicate the end of the Npressure filtration.

For these experiments, vacuum drying was terminatkdn the signal obtained
when monitoring the ratio of two peaks did not vasignificantly during two
successive 1 min agitation periods. FurthermoretHese experiments, it appeared
that peak ratio method of analysis gave smoothgnglrcurves with less variability
when the particles were close to being dry, thitypscal of these analyses and is the
reason that peak ratio data was used in ordertesrdme the drying end point in this

data set.
6.3.4 Physical processes during drying

The Raman data were subjected to more in-deptlysisdab determine if changes in

the spectra obtained from the particles duringrdyytould be correlated to either
changes in the particle size measured at theatdrend of each experiment (using
LD and image analysis methods) or attributed tospia processes that are known to
occur during the operation, for example, ballinpeTevaluation was carried out in
two stages: first, the data from the IBNowdown period was investigated, where it
was expected that there would not be a significdrange in the particle size

observed. Secondly, the Raman data obtained dthengacuum drying stages was
investigated.
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6.3.4.1 Physical processes during Nblowdown

Shown in Table 6-3 are the average D50 particle gatues obtained when LD and
QICPIC (EQPC and Feret Max) analysis was carrigdoausamples extracted from
the drier after the Nblowdown period for each experiment.

Table 6-3: D50 particle size values obtained for Land QICPIC analysis.

QICPIC EQPC QICPIC Feret

Experiment LD D50/ pm
D50/ um Max D50/ um
1 52° 79° 392°
2 56 82 381
3 54 84 411
4 50 78 391
5 58 87 421
6 56 85 405
7 56 87 394

Average D50 values of batch before slurries were mda: LD =51 + 1 um, EQPC =84 + 2 um,
Feret Max = 413 + 18 um. The mean values quoted atke average of duplicate measurements
made from 3 sub samples of each batch (as is deseil in section 6.3.2).

& cake left to filter for 1 h at atmospheric pressureto allow enough methanol to be removed by

gravity in order to start drying. LOD quoted is after 1 h period

On initial inspection, the data in Table 6-3 suggdisat no needle breakage occurred
(attrition) during the Nblowdown stage of drying. Indeed the LD data sutggtisat
some form of particle agglomeration may have o@ui(where an increase in D50
relative to the measured batch mean was observedllfesamples subjected to, N
blowdown). It could be argued that the EQPC reduitsm dynamic image analysis
generally agreed with this observation; howeves,REaret Max data did not show the
same trend. There are two main modes of agglomergibssible when needle
shaped particles are considered: side-by-side, evparticles form liquid bridges
along their length dimensions making thicker negdland end-to-end, where

particles form liquid bridges on their width dimesrss resulting in longer needles.
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Consideration of the Feret Max data calculated f@MPIC measurements shows
that end-to-end agglomeration was not significant,suggested some minor needle
breakage may have occurred during the blowdownegs®d¢considering the data
from samples 1, 2, 4 and 7). Conversely, the LD BQIPC data suggests that some
side-to-side agglomeration had taken place duhegotowdown period (a change in

needle width would not be represented in Feret W&ta).

It has been reported previously in work carried autAstraZeneca (Macclesfield,
UK) that attrition rather than agglomeration was ttominant physical process that
occurred during the Nblowdown phase during the development a needlpesha
APL.* In their work, a 9% reduction in average partidiemeter (measured by LD)
was observed after the,Mlowdown stage rather than a small increase asrodd
here. The authors attributed the reduction in garsize to the extent of the stress
caused by the application of, ldxceeding that of a critical limit required foreue
breakage to occur. However, theiork was carried out at an applied piessure of
1.6 bar which was over three times higher thanpiessure applied to the COA
particles in the data reported here. Therefoiis,likely that the 0.5 bar applied to the
COA patrticles was not sufficient to reach the catiamount of stress required for
significant needle breakage. However, this woulddnturther investigation that is

beyond the scope of this thesis.

As previously discussed in Chapter 4, the exanonatif only median values does
not provide an adequate representation of thegamdistribution obtained and can
lead to misleading interpretation of data sets.r@loee, the distributions obtained
from each technique were also examined. The digtabs obtained are given in
Figure 6-11 a) — c) for LD volume weighted disttibn, EQPC volume weighted

distribution and Feret Max volume weighted disttibn, respectively.
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The particle size distribution data obtained fromthb LD and dynamic image
analysis methods indicated that there was not aifignt amount of either
agglomeration or breakage of the COA particlesraduthe N blowdown stage. As
shown previously for LD measurements, a change@énage needle length for COA
causes a shift in the two main modes present inligtabution with the mode at ~20
pum increasing in % volume as less medium lengthlang needles are present to
diffract the laser light. With the exception of expnent 4 (which had the lowest
D50 value for LD), the ratio of the two main modeghe patrticle size distributions
did not vary greatly from the sample measured leefiie slurry of COA and
methanol was prepared. The greater number of fiserved for experiment 4 is
likely attributable to a greater number of finesgmnt in the initial slurry rather than
a greater amount of needle breakage duringldivdown.

Examination of the Feret Max particle size disttibns obtained confirmed that
needle breakage was not significant during thebldwdown phase of drying. The
distributions, although generally overlaying eactheo at first glance, were
reasonably variable in both coarse and fine t&lsither inspection of the tails
indicated that in all of the experimental data tiee samples, there were a greater
number of fines (short needles) than in the “befdmngng” sample, whereas there
was no indication of less coarse (long needleg)dopresent (with the exception of
experiment 1). This indicated that there was sofmet significant, needle breakage

during blowdown.

The EQPC data shown agrees with both the LD anelt Max data discussed where
there was no significant shifts in the particletrdlgition caused by the application of

N> blowdown.

For all experiments, sampling of the cake was peréal using a sample thief
inserted through one of the ports in the lid. Them known issues with using thief
probes to obtain samples from vessels due to sramtion of the bed and uneven
flow of the powder into the probé.*For these experiments, it was assumed that the
sampling error would be constant from sample-tofdardue to the same thief being

used.
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In situ Raman measurements were also made during thdaWdown period and
shown in Figure 6-12 a) and b) are exampleldrivative spectra (550 — 1250 ¢m
from experiment 5 (longest blowdown period), ane #ssociated univariate drying

curves from the methanol peak centred at 1044 armd the COA peak centred at

1076 cni.
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Figure 6-12 a) Example 1 derivative spectra at stated time points (550 —

1250 cm) from experiment 5 (longest blowdown period).
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Figure 6-12 b) univariate drying curves from the méhanol peak centred at
1044 cm' and COA peak centred at 1076 cih

The Raman data shown in Figure 6-12 demonstraediépendence of the signal
arising from the COA particles on the contributivom the methanol solvent. The
increase in signal arising from COA is attributatdetwo complimentary processes
that occur as the methanol is removed under presser there was less methanol
present to contribute to the Raman scattering &edbulk density of the COA
particles increased as the static bed of partickEsmame increasingly packed. At the
commencement of the Nblowdown period there is a great excess of methigno
relation to COA particles in a slurry and thus, slaenple volume of the Raman probe
is focused on an area with a low number of COAiglad, hence, a low signal arises
from the COA peak. When the positive pressure isliegh, the excess methanol
compresses the loose patrticles in the slurry imiacked bed of wet particles (as it is
removed very quickly), resulting in a substanteduction in the signal arising from
methanol and a sharp rise in the signal arisingif@OA. As the particles become
packed, the bulk density of the cake increaseb@gaps between the particles that

were initially filled with methanol were now comgseed. Consequently, an increase
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in the number of COA particles in the measuremeaitime occurred, hence, the
increase in signal. This densification process iooetd as more and more of the
methanol was removed and, therefore, the increa€©IA signal also continued. At
the end of the Nblowdown period for experiment 5, the measured L@&s 3%
wt/wt and so the majority of methanol had been nezdoNo further investigation of
the Raman data during the Nlowdown period was performed due to the patrticle
size evaluation data indicating that there weresigaificant changes in the average

needle length (i.e there was no attrition causedhd the time period.
6.3.4.2 Balling during vacuum agitated drying

In the DoE study described in Chapter 5, the foionagnd break up of dense
aggregates during the drying process, known asnballcaused a significant
perturbation to the Raman intensity measured duilitygng. In the pharmaceutical
industry, balling is generally thought to be caubgdracuum agitated drying being
commenced at a time when the LOD exceeds a critigiailt that is required for the
aggregates to form. At an industrial scale, theggregates can be extremely
detrimental to the inside of a drier, causing digant damage before the second
critical LOD is reached where they begin to brepk Therefore, the ability to detect
this phenomena in real-time without the need fooperator to watch the process at
all times would be beneficial, as measures coulthken such as stopping agitation
until a more suitable LOD had been reached to resagitated drying. This is not
possible by monitoring the off-gas from the drieither with mass spectrometry or
by using an NIR/ MIR gas cell (commonly used to mtmndrying processes), as
information is only gained regarding the concemtrabf solvent and not about the

state of the particles themselves.

By placing the Raman probe in the orientation dbedrin section 6.2.4, it could not
be assumed that the same features would be piagbetRaman data if balling were
to be observed, as in the previous orientation uthinothe lid of the vessel.
Additionally, the mechanisms that lead to ballimg still not well understood (other
than a high starting LOD), and therefore, designaofuitable experiment was

difficult. Experiment 1 had no Nolowdown as part of the experimental conditions
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and as such, vacuum agitated drying was startadvaty high LOD of 104% wt/wt

(typical API drying processes at industrial scateuld begin vacuum agitated drying

at LODs of around 5% wt/wt for shear sensitive matg). The COA particles were

then agitated continuously at 10 rpm until the ipbas were deemed dry based on the
Raman signal (ratio of COA/MeOH reaching steadytest®or 15 min). Whilst

monitoring the change in COA signal during thisdiperiod (Figure 6-13), a similar

feature was observed to that reported previoushgusither uni- or multivariate data

analysis methods; however, in this case the tressl apposite with a sharp decrease

in Raman signal followed by a sharp increase in &asignal, which was thought to

be caused by the formation and disintegration dsbaggregates. Images recorded

during this period of significant signal change sinewn in Figure 6-14.
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Figure 6-13: I derivative intensity at COA peak centred at 1076 m™ showing

the univariate COA drying profile. Also marked on the plot are the sampling

points where data analysis was paused (black).
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Figure 6-14: digital images recorded through port m the lid of the drier when

Raman data acquisition was paused during the assumdalling period (dashed
red circles indicated where aggregates are observaaimages).

The Raman time series plot shown in Figure 6-18Beist described by dividing the
data into two sections. The first section or tinggigd occurs during the first hour
when the slurry was left to filter without the ajgplion of a positive pressure ob.N
During this time, the COA particles were subjedi@dedimentation as the methanol
was slowly filtered off. This gave rise to a veriffetent drying curve to those
obtained in experiments 2 — 7 where theldowdown resulted in a packed bed of
particles. For these reasons, only a small increa€¥A signal was observed over
the hour long period rather than the sharp increaseciated with an increase in the
bulk density as before. The measurement volume hef Raman probe was
consequently not subjected to denser areas of Cfucles, and therefore, explains

why only a small change in COA signal was observed.

The second time period is the remaining drying timteen agitated vacuum drying
was employed. During this time period, the appiarabf the vacuum removed any
excess methanol rapidly in the same manner as angudunnel resulting in the

COA particles becoming more densely packed, whalsed the sharp rise in the
COA signal observed from around 1hr 7 min to 1 im@n. The COA signal then

remained relatively constant indicating that coods in the drier remained saturated
with solvent vapour as the particles were agitafgdaround 1 hr 45 min, a sudden

drop in the Raman signal was observed owing tddheation of aggregates (onset
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of balling). It is thought that the Raman signabmh due to the number of COA
particles observed during each measurement. Alsalietumble around freely in the
drier, the Raman spot is only focused on each gagtgefor a small amount of time
during the measurement. As the aggregates breaggragually, the bulk density
increases rapidly due to the Raman probe then Hemgsed on the densest regions
of the particles, however, as drying was contindbd,remaining dense aggregates
also broke up resulting in the steady state obgeatehe end of drying. In order to
confirm that the observed effects in the Raman dat& in fact caused by balling as
hypothesised, data collection was paused and theuraremoved in order to collect
digital images of inside the vessel (vacuum and daatlection was subsequently
resumed). The images shown in Figure 6-14 confivan balling had in fact occurred
at the time point inferred from the Raman dataegi-time.

It is difficult to determine from univariate analyslone if the net increase in Raman
signal observed throughout the vacuum agitatedndryeriod for experiment 1
(excluding the data collected during balling) wagsult of the bulk density increase
caused by attrition of the COA needles or rathéreotcompeting drying factors
resulting in changes in the bulk density. For exiampe removal of free methanol
from the gaps between the COA particles would leaad similar increase as the
sampled volume would contain more COA particlese Tiext section investigates
the attrition of the COA needles caused by vacugitated drying, with examination
of the particle size data collected and both furtheivariate and multivariate
analysis of the Raman data. Furthermore, ballings waly observed during
experiment 1 and therefore, the Raman data obséovexperiment 1 was likely not
representative of experiments 2 — 5. Furthermaxpeements 6 and 7 employed
intermittent agitation, which meant that smalleaeges in average particle size were
expected as a result of the mode of agitation epeploduring vacuum agitated

drying.
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6.3.4.3 Needle breakage during vacuum agitated drying

Shown in Table 6-4 are the average D50 particle gatues obtained when LD and
QICPIC (EQPC and Feret Max) analysis was carriddoausamples extracted from
the drier after the vacuum agitated drying peribable 6-4 is followed by Figures
6-15 and 6-16. Figure 6-15 shows plots of the plarSize distributions obtained for
each experiment. Figure 6-16 shows plots of D50ag#tation time (a) — c)) and

LOD at the start of drying (d) — f)) for all analysnethods, respectively.

Table 6-4: D50 particle size values obtained for L@and QICPIC analysis after
vacuum drying period.

QICPIC EQPC QICPIC Feret

Experiment LD D50/ pm
D50/ um Max D50/ um
1@ 38 57 236
2° 39 60 216
3@ 39 55 181
4° 38 63 189
5@ 42 61 221
6" 48 76 343
7° 50 79 368

2 Continuous agitation carried out during vacuum drying period, ® intermittent agitation carried
out during vacuum agitated drying period.
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Considering the data in Table 6-4 and Figures 6i¥5 the D50 values obtained
from the continuously agitated experiments are icemably lower than the values
obtained from the intermittently agitated experitserir-rom this, it follows that the
distributions obtained for the continuously agithexperiments displayed a greater
number of fines (and lower number of coarse padiclthan the intermittently
agitated experiments. In fact, by examination ef dmstributions alone, it would be
difficult to conclude if any significant change particle size had occurred at all
during intermittently agitated drying. Inspectiori the particle size data with
consideration of the length of agitation time cadlrout for each experiment was also
performed. Particle attrition is generally attribditto shear induced by the impeller
and the data in Table 6-4 and Figure 6-15 suppisthypothesis?*’ however, the
relationship between agitation time, particle wemend attrition is not fully

understood.

As the experiments carried out for this study hadefined strategy to identify the
drying end point (and additionally, it was demoatdd by particle size analysis that
there were no significant changes to the averagslleelength during the N
blowdown period), the conditions of the experimegitewed an investigation into
the relationships of the extent of attrition withitation time and also the effect of
initial particle wetness on the extent of attritioaused. The relationship between
needle breakage and agitation time for COA underdifined conditions are given
in Figure 6-16 a) — c). Figure 6-16 shows thatlaike particle size techniques used
to analyse the particles are in qualitative agregmehere particle breakage during
the initial 0.5 hour period appears to be closdinear (up to 1 hour from LD) at
which point it seems a threshold was reached whiererate of particle breakage
slowed significantly. At the start of the agitatipariod, there were a high number of
long needles present in all of the samples, andetleng needles were most
susceptible to fragmentation caused by collisioitl @ither the agitator, the walls or
other particles. At this point, the attrition ragenigh due to the low density and high
friability of the COA particles. The attrition rathen slowed at a time when the
majority of the needles had undergone the attripoocess, with a corresponding

increase in the bulk density and reduction in theas sensitivity of the particles.
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Whereas the data infers that the attrition proaessurs in two close to linear
sections, the observed trends are more likely dutheé low number of data points
available to describe the data. If more experimemse to be carried out with
agitation times around 0.25 h and 0.75 h, it igllikthat the data will appear as a
decaying curve, as it is unlikely that the attntimte changed instantaneously. The
attrition process of mixing dry COA in a powder rider at relatively high rpm has
been studied previously, where both the resultd @fparticle size analysis and
non-invasive NIR spectrometry indicated that thees an initial period with high
attrition rate followed by periods of lower attaiti rates® The data presented here is
in qualitative agreement with the previously caiéecdata, however, the lower rpm

of the agitator in the current study caused a realnof the initial attrition rate.

The relationship between particle attrition andtstg LOD was also investigated
and is shown in Figure 6-16 d) — f). For the cambusly agitated experiments, the
data presented is randomly distributed and doe&®tn to exhibit any trend, which
suggests that there was not a relationship betweestarting LOD and the particle
size measured at the end of drying. For the intéently agitated experiments,
however, the starting LOD was important in relationthe extent of attrition that
occurred. In Figure 6-16 a) — c¢), the attritiorerat highest during the initial 30 mins
of agitation, therefore as the number of 1 min agh periods required to dry
samples with greater starting LODs increases, tkitené of attrition will also
increase. In the data reported by Lekétadl, the authors found that particle attrition
was only dominant over agglomeration at LOD’s o%<#t/ wt* and also, attrition
has often been attributed to over-drying of a conmuid® *° The data presented here,
however, does not agree with these hypothesisesnatehd indicates that agitation
is the only controlling factor in the needle bregdefor COA. This highlights, as
with many aspects of API synthesis and isolatidvat tconclusions based on the
measurements made for one compound will not nedlgstansfer to others as the
physical properties of powder materials are so wahging. Nonetheless, it is likely

that shear sensitive materials like COA will behava similar, if not exact way.
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In order to examine if the physical changes measatehe end of drying could be
observed in real-time during powder drying, an stigation into the Raman data
collectedin situ was performed. The evaluation was performed in ads: first, a
univariate approach was carried out to determire effects of the individual
component’s contribution to the Raman spectra COA particles, MeOH and
PTFE) and secondly, multivariate analysis was edradut in order to investigate the
combined effects of the contributing componentsivlimate drying curves based on
the T' derivative intensity at 1076 ¢h{COA) are shown in Figure 6-17 a) — e) for

experiments 2 — 7, respectively (data for experimiesre shown in Figure 6-13).
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Figure 6-17: Drying curves based on °l derivative COA peak centered a
1076 cm* for both N, blowdown and vacuum agitated drying periods for a)
experiment 2, b) experiment 3, c) experiment 4, @dxperiment 5, €) experiment 6
and f) experiment 7 (data for experiment 1 shown inFigure 6-13). The
conditions for each experiment are given in Table €. Dashed black lines
indicate the end of the N blowdown period. Solid black lines indicate that he

data is extrapolated by the data analysis softwaresed to plot the data as no

measurements were being collected at these time pts.

The Raman data shown in Figure 6-17 can be divided two sections: the N

blowdown pressure filtration period and the vacuamitated drying period.
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Although it has been demonstrated that no sigmficaeedle breakage occurred
during the N blowdown period, it was important to include thead#&n order to
adequately describe the importance of the bulk itlen$ the COA particles in the
measurement volume of Raman probe on the signaiained. As previously
discussed, the application of a positive pressudré.ocreates a packed bed of
particles which in turn increases the bulk densitythe powder sampled by the
Raman probe. Most of the excess methanol wasefdteapidly when the Nwas
initially applied which accounts for the suddereria COA signal during the first
couple of minutes, however, after this time, thee raf packing and removal of
methanol slowed down, and therefore, the rate ef ititrease in bulk density

observed (and mass of COA in the sampled volunse) slbwed down.

Considering now the agitated periods of vacuumndyyin experiment 1, an increase
in Raman signal was observed when agitation wasremed (Figure 6-13) due to
the sudden increase in bulk density caused byapiel removal of methanol by the
vacuum pump. Conversely for experiments 2 — 7,daggon in Raman signal was
observed at the onset of agitation, which was agdinbutable to bulk density
effects. In these experiments, the motion of theaeg disrupted the packed bed of
particles by inducing a shear force into the vessal in doing so decreased the bulk
density of the particles in the measurement volamany one time. As the process
was completed, the profiles obtained from the cumusly agitated experiments
were significantly different to those obtained withtermittent agitation. And
furthermore, the curves obtained from the contislypagitated experiments do not
display any obvious trends. For the continuousliyated experiments, the LOD at
the start of vacuum agitated drying appears tchbekey parameter that controls the
bulk density effects on the COA drying curve. Frample, experiments 2 and 3 (a)
and b) in Figure 6-17) had starting LODs of 21 @Pawt/wt, respectively, with both
COA drying curves displaying an increase in COAnalghat reached a maximum
before decreasing as the drying process was castiedlThe increase in signal that
followed was likely caused by both attrition andyeegation processes occurring at
the same time with both acting to increase the higdksity. The maximum COA

signal observed for these experiments occurred wemethanol concentration was
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at a critical point where the most liquid bridgestvileen particles had formed, and
this is supported by examination of the data fqueghxnent 2 where a longer time
was required to reach the maximum signal as mdkeeisbneeded to be removed.
Once the critical point was reached, the aggredstgan to break up again, causing
the COA signal to decrease, and furthermore, fdh experiments 2 and 3, this
occurred at a time where particle size analysislt®suggested that the majority of
attrition had already taken place, and therefdre, decrease in signal (and hence,
bulk density) observed was not likely competinghwatn increase in bulk density

from needle breakage.

For experiments 4 and 5, a different process tobdéscribed for experiments 2 and 3
occurred, here, it was likely that the starting LODf 3 and 4% wt/wt, respectively
were too low for sufficient liquid bridges to berfeed. Thus, after the initial
decrease in bulk density caused by the disruptidheoparticles in the packed bed,
the Raman signal was dependent of local variationghe bulk density of the
material that passed through the measurement volubherefore, for these
measurements, the bulk density effects caused dgnegation of the particles should
not have had as large an effect on the Raman aadiathis seems to be the case as
there is not a significant decrease in the sigbhtdioed that could be attributed to the
reduction in bulk density caused by the break-upgdregates. The Raman signal
obtained suggested that there was an increase wowvrall intensity observed during
drying that may have been caused by particle bogggkeowever, further experiments
would need to be carried out to determine if theféects were caused solely caused
by the breakage effect. Experiments 6 and 7, whighlved intermittent agitation,
displayed completely different characteristicshe tontinuously agitated curves. In
the data for these experiments, it appears thastréng LOD is not a key factor in
the bulk density effects observed by the Ramanegyrtis is because the length of
agitation time (1 min) for each 30 min period ist sofficient enough for dense
aggregates to form. The Raman signal obtainedhifeset experiments did, however,
confirm the role of bulk density of the particlesthe measurement zone of the probe
to be extremely important when considering any gkean the physical properties of

a material during drying.
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The data from experiment 1 was described previourslgetail (section 6.4.3.2),
however, the increase in COA signal observed ab#dgnning of vacuum agitated
drying was caused by the vacuum pump pulling mb#teexcess methanol through
the COA particles and filter, which caused a netease in the bulk density, and
hence, the Raman signal obtained from the COAgbesti

In order to investigate further the effect of budensity on the Raman signal
obtained, multivariate analysis was applied on daa set. For this, principal
components analysis (PCA) was performed on theonsgof the Raman spectrum
where there was no contribution from PTFE or gldasithermore, because the
attrition process occurred predominantly during Yaeuum agitated drying period,
only the spectra obtained during these periods wetleided in the data set. This
meant that the spectra obtained during theblwdown period and all the spectra
from the intermittently agitated drying experimentsre excluded at this stage, with
the intention of reintroducing them at a later stédgthe PCA results revealed any
further physical information. The scores and logdiplots obtained for PCs 1 are
shown in Figure 6-18 a) and b), respectively.

8000 + .
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—Experiment 2
Experiment 3
—EXxperiment 4
Experiment 5
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2000 +
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-2000 -
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Figure 6-18: a) Scores for PC 1 from PCA performedn the spectra collected
during continuously agitated drying experiments.
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Figure 6-18: b) loadings on PC 1 from PCA performecdn the spectra collected
during continuously agitated drying experiments (wih glass background and

PTFE regions excluded).

The loadings for PC 1 are generally strongly catezl with the COA peaks, which
means that PC 1 describes the changes that octhe @OA particles during drying.
In this case, the data are correlated, and thexeéor increase in PC 1 score resulted
when there was an increase in Raman signal. Thee digplayed is in qualitative
agreement with the univariate data described pusWyoand therefore shall not be

discussed further

Due to the fact that the multivariate analysis penfed on the Raman data did not
provide more information about the physical proessthat occurred during drying
than the univariate analysis described previoushyas decided not to develop the
models any further and thus, the spectra obtainegthgl the N blowdown and
intermittently agitated drying experiments were remalysed by multivariate
methods during this study.
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6.4 Conclusions

The isolation (M pressure filtration and vacuum agitated drying)C&A particles
from a slurry with methanol has been studied ugingitu Raman spectroscopy and
off-line particle size analysis techniques. Firsttywas found that variations in bulk
density and particle size caused by the poorlyrotiat recrystallisation process for
COA meant that the data generated from batch-tohbaas not directly comparable;
therefore, the data from only one batch was usethénstudy. The removal of
methanol during drying was then monitored withimsitu Raman probe using two
methodologies. For this either the univariate desfag methanol peak or the ratio of
methanol: COA peaks was plotted vs. time. The Ramaasurements allowed: i)
the detection of balling during the vacuum agitadeging process meaning that in a
real process, operators could be alerted to cegisatian. ii) the effects of bulk
density caused by particle motion and particle essnto be monitored in real-time.
However, the overall bulk density effect were foundcompete with the effects of
particle attrition, and therefor@ situ Raman measurements did not allow for the
needle breakage process to be monitored in real-flfne attrition process is known
to effect Raman signal observed from dry partidése to the increase in bulk
density caused when average needle length is rddiuee better packing)) as was
reported in Chapter 5. However, for these expertsjeghe increase in Raman signal
that was expected due to the increase in bulk tlecaused by the attrition process
appeared to be masked by competing bulk densiggsfiowing to the formation and
break-up of aggregates during drying (caused byidigbridges between the
particles). Instead, data from off-line particleesimeasurements were required to
quantify the extent of attrition that occurred agrieach experiment. The physical
processes that occurred during the isolation pswese investigated using particle
size analysis. It was shown that: i) thelldowdown period at 0.5 bar did not cause a
significant amount of either particle aggregatioratirition. ii) The attrition process
caused by vacuum agitated drying was independestading LOD for continuously
agitated particles and is instead controlled by ldmegth of agitation time. For
intermittently agitated drying experiments, thertstg LOD was related to the
number of 1 min agitation periods employed, andcbesorrelated to the amount of
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shear that was introduced into the system. It wascloded, therefore, that the

starting LOD was important in determining the extehattrition that took place in

these experiments.

The general recommendations for drying of sheasiBea materials like COA that

have stemmed from this research are as follows:

The agitation strategy employed is the most clifi@gaameter when attrition is a
concern. It is recommended that intermittent aigitagt a low mixing speed is

carried out in these cases.

The second most critical parameter that effects ekient of attrition is the
starting LOD for vacuum agitated drying (particljdior intermittently agitated
particles). It is recommended that particles aréjexted to N blowdown
(pressure filtration) until an LOD is reached whbkare is no longer a significant

amount of solvent being removed from the particles.

In situ measurements allowed for the drying curve to baitaced in real-time,
which allowed for the process to be stopped attimeect end-point, rather than a
pre-determined end-point outlined in an SOP. Funtloee, by monitoring the
particles directly, the on-set of balling could calbe detected in real-time,
meaning that the drying strategy could be changetiang damage to the drier.
Hence, it is recommended that for processes whah@dp can occur than situ

measurements are recorded.

Many active pharmaceutical ingredients have neskiésed morphology, it is
recommended that the Feret-Max dimension from imagaysis is used when
particle size analysis is carried out on these $snghis ensures that the

measurement is representative of the particlegmmluated.
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7 The application of in situ Raman spectrometry to an industrial

case study

7.1 Introduction and overview

An opportunity to investigate the potential appiieas ofin situ spectroscopic and
particle size measurements in an industrial coni@dse within the Particle
Generation, Control and Engineering (PGCE) grouB3K (RTP, NC, USA), made
possible through the studentship agreement with @CPANd the industrial partners.
PGCE is part of the research and development ar@S¥ and is located between
synthetic chemistry and formulation in its drug mfacturing chain. PGCE’s
responsibilities encompass all crystal engineeand PAT support to the synthetic
and formulation chemists, as well as being accduletr delivering the route to the
final API for drug manufacturing. The unit operatsoperformed range from primary
operations such as crystallisation and drying, écoedary operations such as
granulation, blending or tablet compression. Irs thiork, a phase Il antibiotic
intended as a treatment for Methicillin-resistataf®ylococcus aureus (MRSA)
bacterial infections in humans was studied. MRSA st reported in the UK in
1961 and is now a worldwide problem causing sewections in hospitals and
nursing homes. Furthermore, MRSA infections arebeng increasingly difficult to
cure due to evolving resistance to current antibiteatments. The API itself,
cannot be named due to the proprietary natureeo€dimpound; it can be referred to
as Peptide Deformylase API, however, hereaftewilit only be described in this
report as the “API”. The form of the API used irih III” and has needle-shaped
morphology.

The work carried out for this study proposed a ofida in the number of production

steps (primary and secondary) from crystallisatoriableting from seven to four,

creating an API granule during primary rather tBanondary manufacturing so that
direct compression of the drug substance wouldhieeonly operation performed

during secondary manufacturing. Currently, the nf@cturing process crystallises
the desired form by a seeded, anti-solvent, coale@myystallisation frorm-butanol
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and isooctane. The API is then isolated and drgdguan agitated filter drier before
being transferred to secondary manufacturing whens blended with sodium
crosscarmellose and Starch 1500, and granulatédweater. The granules are then
dried to around 3% wt/wt prior to forming an exganular blend with Avicel,
sodium crosscarmellose and magnesium stearatdy, Lt extra-granular blend is
compressed to form tablets. The proposed manufagtprocess performed in this
evaluation would reduce the number of steps byopaihg a wet-milling step with
the API, sodium crosscarmellose and Starch 150@hén crystalliser, and the
granulation step during agitated filter drying. Téfere, only the formation of the
extragranular blend and compression would be p®ddr during secondary
processing. The current and proposed states fomapyi and secondary
manufacturing are shown schematically in Figureaj-and b), respectively.

a)
Current process Proposed process
_n-butanol _n-butanol Sodium
Isooctane Isooctane Crosscarmellosd
API API Starch 1500
Primary Recryst, jacketed, Recryst, jacketed, stirred vessel,
. RC1 - . 2l WM 1
Manufacturing stirred vessel recirculation loop through wet mill
v v
Agltatgd filter VD 1 Ag|tat§d, filter VD 2
drier drier
v
API Granule
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b)

Current process Proposed process
Sodium
Crosscarmellose
API Starch 1500 Sodium

Crosscarmellose,

Avicel, Mg stearate
Secondary Blender

4

Manufacturing Blender

Continuous granulator !
| Compressior]

. Drier | o
Sodium Tablet Investigation
Crosscarmellose — tablets
Avicel, Mg stearate

Blender
Compression
1 Control
Tablet tablets

Figure 7-1: Current and proposed process train fromAPI study for a) primary
manufacturing and b) secondary manufacturing. Red éxt indicates the

processes described in sections 7.2 and 7.3.

Prior to the reported study, the application of Pi$trumentation to the named
processes in Figure 7-1 for the API under invetitgahad been minimal. FBRM
probes had been used to monitor the crystallisasi@p and mass spectrometry
applied to the drying step. The strengths and wesdas of FBRM for needle-shaped
particles have been discussed, in detail, prewonsthis report (Chapter 4) as well
as the disadvantages of using the off-gas to moaitdrying process (Chapter 5). In
this case study, the API under investigation hasetlknown polymorphs and each
batch is analysed by off-line x-ray diffraction determine if the desired form has
been made. It is well known that polymorph inforimatis contained in Raman
spectra and there are many existing examples iritdrature where models have
been developed to determine a given polymoiphsitu for crystallisation
monitoring®® It was considered, therefore that the recrysatlbs step for the API
could be monitored bin situ Raman spectroscopy to determine simultaneously the

crystallisation profile and polymorph. The processs carried out twice, firstly at a
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5 L scale using a Kaiser Rxn 1 Raman spectromeittr am MR immersion optic
(IMO) and secondly at a 1 L scale using a Kaisen RXRaman spectrometer with
P'AT probe to monitor the process non-invasively. tRemmore, in the proposed
process train in Figure 7-1, wet milling of the AR&s employed for two reasons:
firstly to increase the bulk density propertiested API, and secondly to attempt to
form the API and excipient granule during primargmafacturing. When the patrticle
size of a material is reduced, an increase in Ramgnal for that material is
generally observed, therefore, Raman spectromeainfdcpotentially be used to
monitor this process also. An additional applicataf Raman spectrometry in the
proposed process train is to monitor the dryingcess of the API, and this was
carried out in two driers, using an agitated filtgier with the IMO when the API
was dried in the absence of excipients (data nmvsh and in a pan drier using the
Kaiser Rxn 2 PAT probe in a pan drier in the presence of the m®ots. Here, an
increase in granule size is expected to causewtied in Raman signal, however,
changes in bulk density are also known to affeet Raman signal. These effects
have been observed previously by Walkeral. while monitoring the granulation

process of glass beads usingitu Raman spectrometty.

The corporate objective of the project was:

* To evaluate the possibility of creating the API/cigxent granule during
primary manufacturing, reducing the total numbepfduction steps from 7
to 4.

The objective of this part of the study from a egsl perspective was:

» To apply learning from then situ measurement of controlled laboratory
drying experiments of a pseudo API to the processieps of an actual API

in development.

It is important to note that it was only possibte d¢arry out proof-of-concept
experiments and not full characterisation for eah operation, and it is the results
of these studies that are presented here. Then®dso this are twofold: i) the
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studied material was in development at the timettiheresearch was carried out, and
therefore, the quantities available in order torycayut each unit operation were
limited meaning that a full experimental design was possible, and only scoping
experiments could be carried out. ii) The PAT redeavas carried out over the
duration of a fixed term 2 month placement with timings of the unit operations
determined by the availability of reactors and G&¢sonnel, and the needs of the
company, and thus, there was not time to carrysabstantial repeat experiments.
This meant that important variables such as prdaeement, or optical setup were
not always optimised for the unit process beinglisadi Where this is the case,
discussion is offered as to how the measuremetgraysould be improved if further

research were to be carried out.

7.2 Experimental

7.2.1 Materials

The API was synthesised in the pilot plant at GRRR, USA). Around 150 g was
collected by PGCE to complete this workiN-butanol and isooctane
(2,2,4-trimethylpentane) (Sigma-Aldrich, USA) wettee solvents used when the
seeded recrystallisation of the APl was carried Bat granulation studies, granules
were prepared using the API, starch 1500 and sodirgescarmellose (all GSK,

RTP, NC, USA). After granulation, the granules weneed to form an extra-

granular blend with magnesium stearate, Avicel aadium crosscarmellose (all
GSK, RTP, NC, USA) before tablets were pressedhab ardness, thickness and

dissolution/ disintegration tests could be caroetl
7.2.2 Recrystallisation, (RC 1 in Figure 7-1 a))

The API was added to-butanol (6.5 vol.) and heated to dissolution aé@7®ver 30
min with agitation at 300 rpm. Once dissolution hacturred, the solution was
cooled to 80 °C before being seeded with 0.5% wafvthe API in the correct form.
After seeding, the solution was cooled to 50 °Cr@&@0 min at a cooling rate of
0.1 °C/min at which point the anti-solvent additisas commenced. The anti-solvent

used was isooctane (10 vol.) and was added owetteef 300 min period at a rate of
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5 ml/min. Once all the anti-solvent was added thateon was cooled to and held at
0 °C at a rate of 0.25 °C/min. At this point thel AWas either transferred from the
reactor and used for drying, or wet-milled in tkactor with excipients for use in the

granulation studies.
7.2.3 Drying, (VD 1 in Figure 7-1 a))

The resulting slurry from the recrystallisationtbé APl was transferred into a 2 L
GL filter drier (GL Filtration Ltd, Doncaster, UKyhere it was allowed to settle for
20 min. At this point, a positive pressure of Was applied at 0.5 bar until the top of
the cake could be observed through the window eénlith The positive pressure of
N, was then paused so that the cake could be waskibdawurther 300 ml of
iIsooctane. After washing, Nvas then reapplied (at a constant flow rate ofriih
rather than constant pressure) and the cake snibaiieg the mechanical agitator,
this was carried out until the solvent signal framass spectrometry remained
constant (data were not stored), at which poinampde was extracted for LOD
analysis. To remove the remaining solvent from plogvder, vacuum drying was
performed once again until the signal from masstspmetry remained constarhh
situ Raman spectrometry using the Kaiser Rxn 1 with pi&be and IMO was also
performed throughout the drying process when the teight was large enough to

allow coverage of the probe optics.
7.2.4 Wet milling/ granulation (crystalliser/ drier), (WM 1 in Figure 7-1 a))

The recrystallised APl was passed through a wdt-(ilA Magic Lab, IKA,
Germany) while maintaining the reactor temperaair® °C until a steady state had
been reached in the total number of particle couintsn in situ FBRM
measurements. Wet milling was performed with tHewang reactor contents for

each run:
1) APIonly

2) API, sodium crosscarmellose and Starch 1500
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3) API, Starch 1500 (with sodium crosscarmellse adtigthg drying stage)

After wet milling, the intra-granular blend was efti either in the GL filter drier
described in Section 7.2.3 or a bespoke pan diereloped in-house within GSK)
to complete the granulation step. For drying of ghanules, an Nblowdown was
employed until an LOD of ~ 5% wt/wt was reached] afterwards vacuum drying
was performed to remove the remaining solvent. s fpoint, the granulation
conditions were altered for the different batcHes:batch 1: 30% wt/wt water was
added before being dried to 2.8% wt/wt. Batch 2 diggded into two sub-batches,
with 2, i) being dried until completion without tlaldition of water and 2, ii) 30%
wt/wt water was added before being dried to 2.7%vtvtFor batch 3, the granules
were dried to completion before 2.5% wt/wt watersveaided to the sample. The
LOD after the addition of water was monitored byrlK&ischer titration. For all
granulation drying experiments, agitation was penied continuously at 10 rpm

throughout the duration of the process.

7.2.5 Drug product formulation, (control and investigation tableting
procedure in Figure 7-1 b))

The target intra-granular blend content was 92%, A®b starch 1500 and 3%
sodium crosscarmellose. In order to test the talgieproperties of the granules
(hardness, thickness and dissolution/ disintegmgtian extra-granular blend was
constructed consisting of 84% API, 10% Avicel, 38dism crosscarmellose and 1%
magnesium stearate. The extra granular blend was fressed into tablets at
increasing pressures before the thickness, hardmedsdissolution/ disintegration
properties were tested. Furthermore, the tablegp@edormance from the granules
manufactured by the reduced process train was aaupaith granules prepared
using the original process train.

7.2.6 Raman spectrometry

Raman measurements of the API recrystallisationgs® were carried out using one
of two Kaiser spectrometers and probe optical gearents. Firstly, a Kaiser Rxn 1

with MR immersion optic (long working distance) wasserted directly into the
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reaction vessel. Spectra were recorded with an sxpotime of 10 s with a
measurement every 12 seconds. The data were recarsieg HOloOGRAMS
software (Kaiser Optical Systems, Ann Arbor, USA)dawas then exported to
MATLAB (Mathworks, Natick, USA)as .SPC files for multivariate analysis using
PLS Toolbox version 4.1 (Eigenvector Research W&, USA). Secondly, a Kaiser
Rxn 2 with PAT probe was used to monitor non-invasively therysllisation
process of the API through one of the unused portke lid of the vessel. Spectra
were again recorded with an exposure time of 10tls &measurement every 12 s,
and the data was also exported to MATLAB as .SR&S fio perform multivariate
analysis, however, the data were recorded usingGhRaman software (Mettler-
Toledo, Columbus, USA) platform rather than Holo@Gsa

For Raman measurements of wet-milling, the Kaisen R and PAT probe were
used to monitor the change in Raman signal thrabgloil jacket of the vessel. An
acquisition time of 30 s was set and measuremeets made every 45 s. Data were
collected using IC Raman software and exported &I MAB as .SPC files for data
analysis. NIR measurements were also recorded o@mtly using a Bruker Matrix
FT-NIR spectrometer with a direct insertion probata were collected using OPUS

6.5 software (Bruker, Germany) with acquisitionésrof ~ 30 s.

Non-invasive Raman and in-line NIR measurementshef granulation step were
performed when the process was performed in theadkespan drier, through a
window in the lid and using a diffuse reflectanoeriersion probe, respectively. For
Raman measurements, an acquisition time of 10 ssetawith a measurement was
made every 15 s. Data were collected using IC Raswmdinvare and exported to
MATLAB as .SPC files for data analysis. For NIR mmegements, Bruker Matrix
FT-NIR spectrometer with a direct insertion probaswised. Data were collected
using OPUS 6.5 software (Bruker, Germany) with &itjan times of ~ 30 s.
Conversely, neither Raman nor NIR measurements weitable for granulation
experiments carried out in the GL filter drier douethere being no suitable window
available for non-invasive measurements, and tke baight being too low (for the

mass of granules that were dried) for probes tm$&erted.
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7.2.7 FBRM measurements

FBRM measurements were carried out during rectigtibn of the APl and wet-
milling of the API and excipients. The FRBM probasvplaced directly into the
reaction vessel for both unit processes with memsent times of 30 s for
recrystallisation and 10 s for wet milling. Datarevecollected for the duration of
each unit process. Each data set was then expastdabth the un-weighted and

square weighted distribution as a .CSV file forlgsia in Excel.

7.3 Results and discussion

7.3.1 Recrystallisation, (RC 1 in Figure 7-1 a))

The recrystallisation process of the APl under stigation was performed and
monitored using in-line FBRM and Raman spectromeiitye data obtained from
both techniques were evaluated and the strengtbdswaraknesses of each are
discussed. Firstly, the FBRM data collected arewtised. The un-weighted FBRM
chord length distribution (CLD) at various time pis, and the number of counts

(user defined bins) vs. time profile are showniguFe 7-2 and 7-3, respectively.
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In the FBRM data shown in Figure 7-2, three didtipocesses that occur during
recrystallisation are observed. Firstly, dissolatoxcurred after ~30 min of agitation
and heating to 87 °C (represented in blue in Figt2¢ The second process that took
place was secondary nucleation which occured #fteraddition of some form il
seed particles of the API (green in Figure 7-2)edbgg is commonly used in the
process industries to induce crystallisation, thikecause supersaturated solutions
are known to crystallise more readily in the preseof solute (either already present
in the solution or added). Secondary nucleationthis term used to describe
nucleation in this way and differs from primary reation where no seed is added to
the solutiorf The third process that took place was crystal ¢nomhich began after
the onset of secondary nucleation. During a crygpalwth period, there are
competing processes that take place which cantaffedata observed by the FBRM
probe: secondary nucleation will continue, albe# ar slower rate than at the onset,
however, agglomeration of the particles will alae place. When the anti-solvent
addition was started, the solubility of the API w=sed, which increased the
supersaturation of the solution and also the dgiviorce for crystallisation. The
FBRM data obtained after the addition of the aatisnt displays a decrease in the
number of counts per second for each distributidrickv is accounted for by the
reduction of solid caused by the increase solvemtcentration caused by the
addition of the anti-solvent.

The observations from Figure 7-2 are confirmedhgydata displayed in Figure 7-3,
where the total number of counts from each measemeifor three user defined size
ranges (bin sizes) vs. time is shown. In Figure "8 data agrees with the processes
observed in Figure 7-2, however, the growth/ aggli@tion process appeared more
complex than discussed. In Figure 7-3, dissolutias observed after 0.5 h and
secondary nucleation occurred after 1 h when thies&Pds were added (period 1 in
Figure 7-3). Secondary nucleation, growth and agglation then continued until
6 h had past for the 1 — 10 and 10 — 50 um sizgesgrhowever, the 50 — 150 pm
size range showed a different trend (period 2 gufg 7-3). In the bigger size range,
growth and agglomeration were observed until aagertritical point was reached

where it appears that attrition of the particleggragates was likely caused by the
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impeller. This effect has been observed previowgtgn slurries of tyrosine were

studied using FBRM.This continues until the addition of the anti-saiv (period 3

in Figure 7-3), where growth and agglomeration wagain favored in the largest

size range. However, a dilution effect is obsernvethe two smaller fractions (due to

the reduction in solid concentration caused byiticeease of anti-solvent combined
with agglomeration). After the anti-solvent additizvas complete, the aggregates
and bigger particles were once again broken ughbyshear from the agitator, until

equilibrium was reached after ~13 h (period 5 iguiFé 7-3).

The FBRM data shown emphasises the already welbkstied application ah-situ
chord length measurements to monitor crystallisatioreal-time.’*** Conversely,
in situ or non-invasive Raman spectroscopy is an emergiogptementary
technigue to monitor crystallisation and can beduseobtain chemical information
as well as the physical information observed by WBRn this case study, the
butanol, API (dissolved and solid), and isooctaoecentration could potentially be

monitored by Raman spectroscopy.

The API recrystallisation process described by FBRisls monitored by Raman
spectroscopy using a Kaiser Rxn 1 spectrometer Wi probe immersion optic
(IMO). The MR probe has a confocal optical setu@anieg that the laser spot size is
approximately 80 um and is focused only millimeteosn the end of the IMO, this
is very different to the wide illumination optic§ the non-invasive AT probe
described previously that has a 6 mm diameter Spetand is focused 24.5 cm from
the end of the probe. Examples of thiederivative Raman spectra obtained during

the recrystallisation of the API are shown in Fegyidr4.
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Figure 7-4: 1™ derivative Raman spectra obtained during API recrgtallisation

with the MR IMO probe at stated time points.

The Raman spectra obtained vary significantly witl time point that they were
obtained, particularly after the addition of thedstane anti-solvent. Isooctane has a
characteristic peak centered at 744'¢hat could potentially be used to monitor the
anti-solvent addition univariately by plotting thgeak intensity versus time.
Furthermore, as the isooctane was added, it folktnasthe signal obtained from the
peaks attributable to the API anébutanol decreased due to the dilution caused. This
could also be observed by univariate analysis bottip the intensity of a
characteristim-butanol peak (e.g. 480 cthversus time. In general, however, the
Raman spectra were difficult to interpret univasigt owing to complications
resulting from dissolution and recrystallisation pdrticles. Instead, multivariate
analysis techniques such as principal componerdtysia (PCA) or multivariate
curve resolution were more suitable. For this dataPCA was performed with three
principal components using the full spectral ranfay spectral outliers were
removed by visual identification. Also, Raman spastopy is very sensitive to room

lights being switched on, therefore, spectra thatevobtained during times when this
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was the case were removed. The results from PQAP@1 and PC 2) performed on
the recrystallisation data for the entire dataasetshown in Figures 7-5 and 7-6, with
the scores for PC 1 and PC 2 plotted against timtagure 7-5 and overlaid plots of
the loadings for PC 1 and PC 2 with spectra obtabefore and after the addition of

the anti-solvent shown in Figure 7-6 (a) — d)).
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Figure 7-5: PC 1 and PC 2 scores vs. time resultsom PCA of full Raman
spectrum (obtained using the Kaiser Rxn 1 with MR pobe and IMO). 1:
represents before the addition of the isooctane argolvent and 2: represents

after the addition of the isooctane anti-solvent.
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Considering the PCA data for PC 1, which accoute®5.3% of the variance in
the spectra, the loadings are anti-correlated eopiaks attributed to isooctane and
correlated to the peaks from the API anldutanol. However, the isooctane addition
only began after 10 hours, and therefore, the daleest interpreted by considering
the process in two sections: 1) before the additbnsooctane and 2) after the
addition of isooctane (denoted in Figure 7-5 armasented by Figure 7-6 a), ¢) and
7-6 b), d) for the loadings for PC 1 and PC 2, eetipely). During time period 1 in
Figure 7-5, dissolution is clearly observed whem #tores reach the maximum
values after around 0.5 hours; this is followedalpyeriod of cooling and the addition
of seed particles (when supersaturation is at Z4C), which is represented as a
decrease in PC 1 score as the API precipitatesn thm commencement of the anti-
solvent addition (section 2), the scores for PGedrelased as increasing amounts of
anti-solvent were added, due to the anti-corratatibthe peak centred at 744 ¢im
the Raman signal with the PC 1 loaditdere an increase in Raman signal
corresponds to a decrease in PC 1 score. After letimp of the anti-solvent
addition, at around 10 hours, the PC 1 scoresmoatio decrease during the cooling
period (where crystal growth, agglomeration andakage are all taking place) until

equilibrium is reached after approximately 14 hours

PC 2 accounted for 13.2% of the variance in thetspend is anti-correlated to the
contributions from the-butanol and APl and the anti-solvent. However,|taeling

on the isooctane peak at 744 tis considerably less than for PC 1 and, therefore,
the API andn-butanol contribution to the data are greater. Hargimilar trend was
observed to the data for PC 1 where dissolutionatagrved after 0.5 hours (lowest
PC 2 score and, therefore, highest Raman intensioyyever, the anti-solvent data
were also anti-correlated and therefore a decrea®€ 2 was observed when this
was added. Comparing the PC 2 data from Figurevittbthe FBRM data for the 10
— 50 um fraction from Figure 7-3, a similar tresdobserved. This shows that using
the Kaiser MR probe with IMO, the crystallisatiorofile can be inferred from the
effect that dissolution and recrystallisation of tparticles has on the Raman
information, which is contributed to predominantly the solvent and anti-solvent.

Although, there is a fairly high number of API pelgs present in the slurry, the
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optics of the probe (confocal with a short penairatepth) are not optimised to

monitor the solid in the presence of solvent.

The non-invasive Kaiser"RT probe, with a wide illumination 6 mm spot size,
offered the potential to gain more information frahe API particles during the
recrystallisation procedure. Therefore, a secoridhbaf the API was recrystallised,
in this case including a form change from form dl form Il of the API. This
experiment was carried out at a smaller 1 L scaléhé 5 L scale in the previous
reaction, and furthermore, the pump used to adadnhiesolvent overnight failed, and
therefore, the solution was held at 50 °C overngghthe control software would not
begin the second cooling phase until after the-soitient addition. The anti-solvent
was added the following day manually in small antsumhile cooling was carried
out. Figure 7-7 shows example spectra obtainedngutihe API recrystallisation
obtained with the AT probe.
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Figure 7-7 Example Raman spectra obtained during AP recrystallisation
before and after the addition of isooctane (anti-dgent) (obtained using the
Kaiser Rxn 2 and PAT probe).
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The Raman data obtained with tH&AP probe were similar to the data obtained with
the MR probe IMO setup, however, due to the largampling area, peaks
attributable to the API that are independent ofeal are visible that were not well
resolved previously. For example, the annotatedt peatred at 1678 cmin Figure
7-7 is attributable to the APl and can be used raxkt the reaction profile

univariately. The data for this are shown in Figa+@.
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Figure 7-8: I derivative Raman intensity at 1678 crif vs. spectrum number
representing the APl contribution to the overall Ranan signal during
recrystallisation. Section 1: dissolution and seedg, 2: nucleation, growth,
agglomeration and breakage, 3: anti-solvent additio and 4: growth and

breakage until equilibrium was reached.

The data in Figure 7-8 can be divided into fournsegts describing the process as
before. Section 1 shows the signal arising fromARé decreasing due to dissolution
before cooling to 80 °C and seeding takes placgh&unore, the change from form
Il to Il occurred during the first 50 measurementsis is observed as a sharp
reduction then increase in the API signal as thenfd particles dissolved rapidly
and then precipitated as form lll. In section 2¢leation, growth, agglomeration and

breakage of the recrystallised particles took plksiceultaneously, until equilibrium
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was reached with the solution cooled from 80 to°60 At this point, the pump
employed to add the anti-solvent failed which resiilin the slurry being held at
50 °C overnight until manual override of the cohtgstem and addition of the anti-
solvent was commenced the following day (sectionS#ction 4 shows the final
growth and agglomeration period until equilibriumasv reached. Multivariate
analysis techniques could also be employed to pibleerecrystallisation data,
however, the univariate approach described herequadely demonstrates the
potential to monitor the process successfully usiregnon-invasive BT probe, and

further, illustrates the advantages of using widlemination Raman rather than a

confocal optical set-up with a small laser spo¢ siz
7.3.2 Wet-milling, (WM 1 in Figure 7-1 a))

Wet-milling of the APl was performed at the 1 L lecan the presence of the
excipients in order to investigate the possibildy creating granules without a
specific wet granulation step being performed dysecondary manufacturing. The
contents of the intra-granular blend were: the A$2%), Starch 1500 (5%) and
sodium crosscarmellose (3%). The operation wasopedd three times (results of
experiment 1 shown here): firstly, in the preseoickoth excipients, secondly, in the
presence of only Starch 1500, and thirdly, with #El only. In the second
experiment, sodium croscarmellose was added duhegdrying stage as it was
found that the dissolution properties of the drugdpct were poor when it was
added during wet milling (in the third experimebgth Starch 1500 and sodium
crosscarmellose were added during the drying sfageexperiment 3). Sodium
croscarmellose is a disintegrent that was adde@nture that tablets break-up
correctly in the body. It was found that by wetding, the physical properties of
sodium croscarmellose were altered, which in thed an effect on the dissolution/
disintegration properties of the oral dosage foatioh of the drug product.
Likewise, with the recrystallisation measuremerdsying the wet milling, the
particles were monitored using FBRM, Raman specattomand a Bruker Matrix
FT-NIR spectrometer. The FBRM data obtained duvieg-milling experiment 1 in

the presence of both intra-granular excipientsshmvn in Figure 7-9.
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In Figure 7-9 a) the number of counts per secondhi® measured CLD increased as
the milling operation was carried out. This indexhthat larger needle particles were
being milled into smaller needle fragments, ana dlsat agglomerates were being
broken up into primary particles and eventuallyiftagmented needles. This was
confirmed when Figures 7-9 b) and c) were also idensd. By studying the log/log
plots of FBRM chord length distributions, signifidaweighting is placed on the
coarse tail of the distributions. In this data $b& log/log plot demonstrates the
reduction of coarse particles and aggregates oteiagsharp reduction in the number
of these particles from the start of milling toeafd0 mins and then a further, albeit
smaller, reduction in the number of coarser pasidfom 40 mins to 1 hr 30 min.
Additionally, the basis of FBRM meant that the rleedidth was the dimension
predominantly measured throughout the milling psscevhereas a change in needle
length occurred as the particles were passed thrabhg mill. Therefore, the
reduction in average needle length was not sigmitiy reflected by a shift in the
mode observed in the distribution plot of CLD veunots per sec due to the needle
width remaining relatively constant. Conversely,enttonsidering the plot of total
counts vs. time for the data set, the increasehé tbtal number of counts per
measurement indicates the reduction in the avepmgBcle size of the needles
measured, and furthermore, the rate of changeateraf particle breakage) was also
observed. Here, a large reduction in the numbeoafse particles and aggregates at
the onset of milling resulted in a sharp rise ie thumber of total counts per
measurement due to the larger needles or aggrepateking down into many
smaller particles. The breakage rate then slowedtiate point when the majority of
particles had passed through the mill at least ,oaed thus, completed the particle

size reduction process.

For Raman measurements, the Kaiser Raman Rxn 2rapeter with the FAT
probe was used to collect data, however, there measuitable probe position to
monitor the process non-invasively through a pothe lid. Consequently, théAT
probe was directed at the process through the glalis and oil jacket of the vessel
and this resulted in a significant glass backgrouriie Raman data, with peaks also

present that were attributable to the oil usechajacket. Furthermore, with the sub
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optimal position of the probe, it was prone to giifg and needed to be replaced
twice during the experiment. Fortunately, NIR meaments were made
concurrently with the Raman measurements and cars&® here as a more suitable
spectroscopic comparison to the FBRM data colledtenivever, when wet-milling
was repeated, a more suitable Raman probe posias used with the probe
directed at the slurry through an unused port élith of the vessel (data not shown
due to the process being performed at much smaliate, and therefore, the
timescale for the reaction was much less and the® only a small number of
spectra recorded). Shown in Figure 7-10 a) andelspectively, are the PC 1 scores
and loadings (with example spectrum overlaid) fil@@A on the full useable region
of the Raman spectra (150 — 980 true to the glass background). The PCA model

was built using four principal components.
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Figure 7-10 a) PC 1 scores vs. time from PCA modebnstructed using full
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analysis carried on the full usable region of the Bman spectra (150 — 980 ci})

obtained during wet milling experiment 1 (WM 1 in Fgure 7-1 a)).

The PCA data obtained demonstrates that Ramarnrgp®tty is suitable to monitor
the unit operation, however, optimisation of thel@ position would be required to
obtain better data with less or reduced glass lrackgl and less susceptible to the
probe slipping, i.e. a fixed position. From Figu® b), the loadings for PC 1 are
correlated to the Raman spectra, and thereforen@ease in Raman signal was
expected as the average particle size decreasedydhe operation. The scores for
PC 1 are consistent with this hypothesis, howethere is a significant amount of
noise present in the data, and further, a deciaabe Raman signal was observed at
the two time points where the probe had to be mtipned. The amount of noise
present in the data were reduced by plotting theimgoblock standard average of
the data (block size 5 measurements), and this esthoat the rate of change slowed
after around 25 — 30 min which is in qualitativeesment with the FBRM data in
Figure 7-9 c).
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Although showing the expected trend for a reductionparticle size, the poor
method of measurement for the experiment made thmaR data difficult to
interpret, and therefore, will not be discussedthier here. However, NIR
spectroscopic measurements were made using a Bvldtex FT-NIR spectrometer
and diffuse reflectance immersion probe in tandenthe Raman measurements.
Peaks in NIR spectra are broad and often convaglwed therefore resolution of
peaks can sometimes be a challenge. However, NdBtrsp like Raman spectra, are
known to contain physical information, and thuse a suitable alternative for
detecting a change of particle siie situ. Figure 7-11 shows examples of 1

derivative NIR spectra obtained during the wet-imgjlexperiment.
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Areas with large variation
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-0.005-

. \ \ \ \ \ \ \ \ \ \ |
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Figure 7-11: Examples of 1 derivative NIR spectra obtained during wet-milling

experiment 1.

The NIR spectra shown in Figure 7-11 display tweaarwhere large variation was
observed. In the log 1/R NIR data (not shown),iplarsize affects both the baseline
and absorbance from the particles due to both thsorption and scattering
coefficients of the NIR signal being susceptibleptoysical characteristics of the

material. These effects have been modelled by Bilkre, based on Kubelka-Munk
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scattering theory, the author determined that sm@rticles of the same material
will scatter incident light more efficiently, ands aa consequence have lower
baselines in their NIR spectfa.’* By performing a first derivative transformation to
the data, the effects caused by varying baselimeemluced, and therefore, variations
in the spectra are due to the changes in absorbBraa the literature, it is generally
accepted that coarser, larger particles will absworre incident radiation than
smaller particles of the same derived from penetmatiepth studies with static
powders” however, when univariate analysis was carried auppposite trend was
observed in this work, where an increase of absméaccurred as the particle size

was decreased (data not shown).

PCA was then performed on the full usable spectgion (4800 — 9800 ch) in
order to determine the regions of the spectra vaaed the most as the milling
process was carried out. Figure 7-12 a) and b) shespectively, the PC 1 scores
and loadings (with example spectra overlaid) fro@ARanalysis of the NIR data set,
respectively.

0.006 -
0.004 +

0.002 +

-0.002 -

-0.004

-0.006

PC 1 scores (variance explained 85.06 %)

-0.008 =+ 7 7 7 7
0 15 30 45 60
Time (min)

Figure 7-12 a) PC 1 scores vs. time for the PCA metconstructed using the
NIR data obtained during wet milling experiment 1 Epectral region 4800 —
9800 cn).
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Figure 7-12 b) Loadings on PC 1 with example NIR sxtrum overlaid from the
PCA carried out on the NIR data set.

The loadings on PC 1 are correlated to the NIR tspaibtained, and therefore an
increase in PC 1 scores like those observed ve itnfigure 7-11 a) occurs as a
result of an increase in NIR absorbance. Therdveoepeaks that have particularly
strong correlation to the spectra in PC 1. The mak925 crit is likely caused by
C-H vibrations that are present in thdutanol solvent, the API and both excipients.
The second peak (7140 dncan be attributed to either R-OH or R-NH absomj
with  R-OH again being present in both-butanol and the API, and
R-NH; being unique to the API. It is often difficult &3sign peaks in NIR spectra to
uniquely identify a single component of the mixtundich is why multivariate data
analysis techniques are typically used to analyise ddta. As mentioned, the trend
observed using both uni- and multivariate analisigpposite to that expected based
on NIR diffuse reflectance theory. A possible remdor this is similar to the
observations of Nordoet al. during NIR monitoring of a fermentation process,
where a decrease in NIR signal was observed darigipwth period of the bacteria

rather than an increase as expedietihe authors attributed the reduction in NIR
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signal with growth to the reduction in concentratmf bacteria that the NIR probe
could measure (few bigger bacteria rather than namgller ones). In the data
presented in Figure 7-11 a) and b), the partide & reduced during the process, and
thus, it is rational that the NIR signal increashte to a rise in the number of
particles (which is related to concentration) legdio greater absorbance, similar to
the effects observed with the FBRM probe where rthmber of total counts per
measurement increased as the particle size dedrdagealso important to note that
diffuse reflectance scattering theory was not dgwad for particles in a slurry, but
was instead developed for static dry powders, hactkfore would not be expected to

be strictly valid to this data set.

The NIR and Raman data presented here have showrstitability of both

spectroscopic techniques to monitor the wet-millimgpcess of the API in the
presence of the intra-granular excipients. Theaptbnal positioning of the Raman
probe, however, led to poor results being obtaided to the position not being
constant throughout the analysis. NeverthelessRédmman data obtained displayed
the expected trends for a reduction in particle $lmat were consistent with other

results in this report and with the literature.

Considering both the wet-milling and recrystallisat processes for the API
described, the added chemical information obtaifreth in situ spectroscopic
methods compared with the information obtained WHBRM would not really
justify the time and expense required to build praee spectral models for analysis.
FBRM has known limitations for needles shaped pladi with the technique
predominantly measuring needle-width, and therefdoes not give a representative
distribution of the needle length (which is the amajdimension). For
recrystallisation, the Raman data obtained wasrgése: from both the API particles
and the solvent, however, the FBRM probe was ablérack the process until
completion using the total number of counts per sueament, and furthermore,
provided in-depth physical information about thegass. Similarly for wet-milling,
despite both spectroscopies successfully monitdhegorocess qualitatively, FBRM

was able to track the process in real-time givirfgrimation about the distribution of
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particles and the increase in the number of padi@s the milling process was
carried out. Conversely, where Raman and NIR spgobpies demonstrate the most
potential, is in unit processes where normal opmrabf FBRM probes is not
suitable, such as in wet granulation or drying. Tegelopment of the C35 FBRM
probe with a “window wiper” over the probe optiashallowed for FBRM probes to
be placed into processes that were previously essiile, however, during the

completion of this work, a C35 probe was not aldddor study.
7.3.3 Wet granulation/ drying, (VD 2 in Figure 7-1 a))

The wet-milled API and excipients were dried in agitated filter drier, however,
there were no ports in the drier to allow PAT iostentation to monitor the
operation (the cake height was too low). The gresiprepared were blended further
with excipients to form an extra-granular blendttivas subsequently pressed into
tablets, however, the hardness and dissolutionhtdigration properties of these
tablets were not suitable for use in the body.dswhought that the absence of water
in the granules (hardness) coupled with the chamglee physical properties of the
sodium croscarmellose (dissolution) caused by madduring the wet milling stage
were the reason for the poor tablet properties ¢getion 7.3.4). Therefore, water
was added to the dry granules to determine if #tdet hardness properties were
improved. This was performed in a pan drier ancewatas added to a concentration
of 30% wt/wt. The experiment was carried out in stages: an initial mixing period
followed by a period of vacuum agitated drying. $&aa were taken at the end of
the mixing period and at the end of the vacuumasgit period for LOD analysis.
During the experiments, a combination of non-inv@siRaman and NIR
measurements were performed. The bending and lstrgtenodes of Raman are
practically insensitive to water (at 785 nm exaia), whereas, NIR spectroscopy is
very sensitive to water concentration. Therefor@nBn measurements were used to
monitor changes to the particles as the granulaironess was carried out, whereas
NIR was used to monitor the water drying curve @twdwn). Figure 7-13 shows an

example i derivative Raman spectra (one during initial mixiperiod and one
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during vacuum agitated drying period) obtained miyirihe removal of water (30%

wt/wt) from the API/ excipient granules.

800 —Example spectrum from mixing period

600 —Example spectrum from vacuum agitated period

400
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Figure 7-13: Example ' derivative Raman spectra for initial mixing period
(red) and vacuum agitated drying period (blue) foraddition of water to the API/

excipient granules.

Figure 7-13 shows a reduction in the Raman sigitat the vacuum agitated drying
period was commenced. In Raman data, a reductitimeisignal observed would be
expected with an increase in particle size, howethes effect is related to the bulk
density of the material. Granulation processes dagigned to increase the bulk
density of particles while simultaneously incregsthe particle size. The aim is to
produce free flowing granules with low polydispgrsihat can easily be blended
with excipients and tableted. This is an oppositece to the particle size effects
described previously during this report where aiotidn in particle size (caused by
attrition) resulted in an increase in the bulk dignsf the material. Attrition of

needle-shaped particles does not often resultee flowing particles that can be

easily be processed downstream, instead, adhesioe flpwing particles is the
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typical result. Walkeet al,” noted that the areas of greatest particle degsig rise

to the largest Raman signals during fluidised bedngjation of glass beads,
indicating that bulk density has a greater effecttbe Raman signal than does
particle size. In order to understand the effettseoved in the Raman spectra, both
univariate analysis (not shown) and PCA was caroiidon the data set. Shown in
Figure 7-14 a) and b) are the scores from PC 1,thedoadings on PC 1 (with
example spectrum overlaid), respectively, obtaiinech PCA of the full region (150
— 1900 crif) using 2 principal components (750 — 1350cnegion shown for

clarity).
2000 ; LOD: 2.8%
4000 4 Mixing period
3000 -

2000 1 LOD: 30%

m Balling
@ 1000 -
3 LOD: 20%
%] 0 o
—
@) Break up of
Q -1000 -
aggregates
-2000 + J91e9
-3000 Vacuum agitated drying
-4000 - period
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0 1 2 3 4 5 6
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Figure 7-14: a) PC 1 scores from PCA analysis on ¢h150 — 1900 cih region
during Raman analysis of the API/ excipient granule as water is removed.

217



0.2 5 = 1500

—PC 1 loadings
0.15 - —
Example spectrum | 1000 _
2
0.1 =
o
- 500 £
o 0.05 + =
£ | %)
e c
@ 3]
2 0 0 E
NN )
O =
0 .0.05 4 S
- -500 =
(]
©
-0.1 4 3
—
= -1000
-0.15 4
-0.2 v v v 7 v -1500
750 850 950 1050 1150 1250 1350

Wavenumber (cn?)

Figure 7-14: b) Loadings on PC 1 (750 — 1350 cfregion shown for clarity)
with example Raman spectrum overlaid from the PCA arried out on the

Raman data set.

From the plot in Figure 7-14 b), it can be seen tha loadings are anti-correlated to
the Raman spectra, therefore, an increase in P@Cclrred when there was a
decrease in Raman intensity. From 7-14 a), The RColes appear to take around
1.5 h to reach equilibrium where only random n@seeerated by the particle motion
affected the signal measured. A sample was exttdotéore the vacuum agitated
period so that the LOD was known before and afigind, the LOD at the end of the
mixing period was 20% wt/wt. At the onset of vacuagitated drying, the PC 1
scores increased significantly signaling a decrdas¢he Raman signal, visual
inspection of inside the drier at this point shoviledt balling had taken place, and
therefore, the change in Raman signal was consistéh when balling had been
observed previously in vacuum agitated drying expents. As the balls of particles
broke up and drying continued, the Raman scoresedses, which was consistent

with an increase in Raman signal and also the deifisity as the process progressed.
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A second wet-milling experiment was also performesing just the APl and starch
particles to determine if adding the sodium crasediose during the drying stage
resulted in better tablet dissolution propertielse Tvet-milled APl and starch were
then dried in the agitated filter drier before lgetransferred to a vacuum pan drier,
where the sodium crosscarmellose was added alahgnaier (either 2.8% wt/wt, or
30% wt/wt and dried to ~ 2.8% wt/wt ). Data werdlexied for the experiment
where 2.8% wt/wt water was added (non-invasive Raarad NIR measurements
were performed). For this experiment, there weresmmificant changes in the
Raman data during granulation owing to the majasityhe granules being formed
during drying, and thus, the addition of a smalloamt of water and sodium
croscarmellose did not have a great effect on thaules themselves or the Raman
spectra collected (data not shown).

7.3.4 Hardness and disintegration/ dissolution testing @ntrol and

investigation tablets from Figure 7-1 b)

The granules prepared via the proposed reductidmeiproduction train (Figure 7-1
a) and b)) were then subjected to hardness andtetisation/ dissolution testing
using standard methods. The bulk density of thawudes were measured before they
were blended with excipients to form the extra-gtanformulation and then pressed
into tablets at increasing compression forces (2008000 psi). The results of the
bulk density and dissolution/ disintegration tests given in Table 7-1. The results
of hardness testing are given in the compressiofilggs shown in Figure 7-15. In
Figure 7-15, the x axis is labeled compressionepmhich was the force exerted
onto the blend of excipients and API while it wasunted in a die on a tablet press.
The y axis reports the tablet hardness (kPa) aadhar results of a destructive test
that determines the pressure required in ordergakbthe tablet. Furthermore, the
plane in which the tablet breaks is indicativelod tobustness of the formulation of
the tableting procedure, where breakage on thecakglane of the tablet suggests
that the formulation and tableting procedure idditpurpose.
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Table 7-1: Results of bulk density, and disintegrabn/ dissolution testing for the

granules prepared using proposed reduced productiotrain (Figure 7-1 a) and

b)).
Reactor contents . Bulk Density Dissolution/ Refin
. Granulation o ) ]
during wet - of granule/ disintegration Result Figure
N conditions ]
milling g/ mL testing method 7-14
API, sodium
croscarmellose dry 0.4-0.45 Disintegration ~ 3 min Setl
and startch 1560
30% wit/wt
API, sodium )
water dried o _ )
croscarmellose 0.4-0.45 Disintegration ~ 3 min Set 2
t0 2.8%
and startch 1560
wit/wt
30% wit/wt
water added _ _ 91% @ 15 min,
API? . 0.5-0.55 Dissolution Set 3
and dried to 100% @ 60 min
2.8% wt/wt
2.5% wit/wt
API, Starch 1500 0.15-0.2 Not measured NA NA
Water added
Disintegration:
Information <45 sec
Controf NA° _ Both Control
not given Dissolution:
~ 15 min

®Investigation tablets prepared using process traimutlined in Figure 7-1 b)

®Wet-milling not performed, granules prepared usingcontinuous granulator by formulation

chemists (control tablets prepared using processdin outlined in Figure 7-1 b).

‘Granulation carried out in continuous granulator and drier (no further information available

in relation to conditions).
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Figure 7-15: Compression profiles for tablets prepeed using granules
manufactured using the proposed process train andonitrol granules prepared

using the current process train (described in Figue 7-1 a) and b)).

Considering both Table 7-1 and Figure 7-15, thengles produced when the API
and both excipients were wet milled did not havmilgir tablet characteristics to
those production from the original manufacturingirir (control). Set 3, however,
which wet-milled only the API, before adding thdr@aagranular excipients during
drying showed a similar compression profile to toatrol set, and furthermore, the
dissolution characteristics were also similar. Tdesnonstrated that wet-milling the
excipients used in the intra-granular blend haegative effects on the properties of

the oral dose formulation of the drug product.

7.4 Summary and conclusions

The potential to create API granules during primaather than secondary
manufacturing was investigated in order to enablg the direct compression of the

drug substance during secondary manufacturing.utfcessful, the number of

processing steps would be reduced to 4 instead .ofn 7situ spectroscopic
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measurements alongside FBRM were also carriedocaggess the suitability of each
of the techniques to monitor the unit processefopaed. The conclusions from a
corporate perspective were that the reduction ef itbmber of processing steps
would complicate the API supply chain, which altgbusuitable for the oral solid
dosage formulation, would not be applicable toitlteavenous formulation. It was
recommended, however, if the compound were to ritdkemarket as a high volume
product, that the approach should be revisited secand generation process for the
oral dose formulation only. From a research petsgecit can be concluded that
FBRM is more suitable to monitor physical changeparticles while in slurry for
this particular API, where control of the desiredlymnorph is well understood.
Although Raman measurements were able to monirctiistallisation processes,
and both NIR and Raman spectrometries successfttdigked the wet-milling
process, the information contained in tinesitu spectroscopic data did not offer
significantly more information than did use of tR8RM probe. Wherdn situ
spectrometries showed most potential was in enmens where FBRM
measurements were not suitable, such as granulatioinying. It is recommended
that the proof of concept experiments carried oube short time available to do this
research should be expanded to assess more falbagrabilities of the spectroscopic

measurements for the manufacturing processes.
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8 Conclusions and suggestions for future work

8.1 Conclusions
The aims set out at the beginning of this work were

* To evaluate the suitability of particle size anaysechniques as a reference
method to determine the extent of attrition thatuss during a drying process for
needle-shaped patrticles.

* To determine the relationship between drying patareeon the length of drying
time required and the extent of attrition that asaduring drying.

 To assess non-invasive instrumentation to monorsitu the physical and
chemical processes that take place during drying.

* To applyin situinstrumentation to an industrially relevant dryjprgcess.

8.1.1 Evaluation of particle size analysis techniques taneasure the extent of
attrition that occurs during pharmaceutical powder drying.

The measured distributions and calculated statfspim five particle size analysis
techniques (based on either laser scattering omrdi image analysis) were
evaluated with respect to particle shape by meaguncreasing size ranges of
needle-shaped COA particles and granular Avicdiges. The key points from the

evaluation were as follows:

* Laser diffraction (LD) and FBRM measurements gavelitptive information
about changes in particle size that occurred duttiiying. LD measurements are
only truly quantitative for spherical particles doe the complexity of the
mathematics required to develop Mie and Fraunhdffeories for non-spherical
particles. FBRM analyses particles irrespectivestodipe, however, the average
orientation of the particles in a slurry means it FBRM laser cuts needle-

shaped patrticles predominantly along their widtis.ax
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e It was found that the Feret Min diameter from dyrm@amage analysis (shortest
diameter between two parallel tangents) correlatetd with the chord length
distribution data obtained with FBRM. In this exdemphe average needle width
increased with average needle length which meantitte average needle length
could be inferred from the FBRM measurements.

« The Feret Max dimension obtained from dynamic imagelysis provided the
best quantitative method to determine the changeeadle particle size due to
breakage occurring predominantly along the length. &eret Max is a measure
of the longest dimension between two parallel tatgef a particle, i.e. the

needle length.

8.1.2 Determine the effect of varying drying parameters a the drying time

and extent of attrition that occurred — a DoE apprach.

A full factorial (2 level, 3 factor &) design of experiments with two centre points
was carried out to determine the effects of thetaigh strategy and jacket
temperature and starting solvent content (definedh& percent solvent loss on
drying — SLOD), on the drying time observed andaktent of attrition that occurred
during drying. The two centre point experiments aven either side of the design
cube due to the categorical nature of the agitasitbategy parameter. Analysis of
both the solvent and particle drying curves wemégoeedin situ using non-invasive
Raman spectrometry and off-line particle size meaments (based on laser
diffraction and dynamic image analysis) were penfed to determine the extent of

attrition that occurred. The key points from thedst were:

« It was found that agitation strategy had the gagagéfect on both the overall
drying time and the extent of attrition observechaféas, all three variables had
a significant effect on the drying end point (detered using non-invasive
Raman spectrometry), it was found that continuoagiyated particles resulted in
the greatest needle breakage owing to the extestiezr caused by the agitator.

« From off-line Raman experiments, it was found ttre ' derivativeRaman

signal arising from the particles increased asigartsize decreased until a
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threshold particle size was reached where therenwdsrther increase in Raman
signal observed. The effect of particle size onRlaenan signal was attributed to
changes in the bulk density of the particles rathan the change in average
particle size, owing to packing effects.

Non-invasive Raman measurements were suitable toitonothe removal of
methanol from COA particles during drying in reahe¢, either by plotting the
intensity ratio of a methanol peak: COA peak (kwtb point baseline corrected)
in the Raman spectra versus time, or by plotting tmivariate decay of a
methanol peak from the 1st derivative Raman speutesus time at a
wavenumber where there was little or no contributrom COA.

The narrow bands observed by Raman spectrometryitntieat the combined
methanol and COA spectrum could be divided intoiorgy where only the
particles contributed to the Raman data. This albvior real-time detection of
the formation and break up of aggregates that oeduduring powder drying in
real-time due to changes in the average bulk deosihe particles (owing to the
effect on the Raman intensity). The position of pinebe (through a window in
the lid), however, meant that fluctuations in thesl height appeared to have a
greater effect on the Raman signal than the eft#gbsirticle size or bulk density,
and therefore, for future experiments, a secontgpmsition from the side at the

bottom of the drier was used.

8.1.3 Application of the knowledge gained from the DoE stdy to an

industrially relevant drying process.

Slurries of COA and methanol were prepared andddusging a pressure filtration

stage followed by a vacuum agitated drying stagerder to simulate an industrial

drying process. By varying the length of the presdiiltration stage, a range of

starting percent loss on drying (LOD) was achiewkgitated vacuum drying was

performed either with continuous or intermittentitaiiopn meaning that the

relationship between agitation time, particle wefand extent of attrition could be

investigated (as all other parameters were condiairg this stage). The drying end

point was determined in real-time using non-invasRaman spectrometry, and
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particle size analysis (based on laser diffrackol dynamic image analysis) was
performed at the end of each stage to determinexteat of attrition. The key points

from the study were:

» The pressure filtration did not cause significaeedie-breakage using 0.5 bar of
Ny, therefore, the pressure filtration step was deksogable for the process.
 The Raman probe was able to monitor both the rehmivenethanol, and the
increase in bulk density caused by the positivessanee of N univariately by
tracking the intensity of either a 1st derivativethanol or COA band versus

time.

* The extent of attrition was independent of thetstgrLOD for continuously
agitated drying experiments, however, was relaedhe starting LOD for
intermittently agitated drying experiments. Thisswdue to the rate of attrition
(needle breakage) being greatest during the ir8famin of agitation, regardless
of starting LOD (the rate slowed significantly af@ min). As all continuously
agitated experiments were agitated for more thamB0 the majority of needle
particles had already undergone the needle bregkagess. For the intermittent
drying experiments, the total agitation times wdrand 6 min, respectively,
meaning the attrition rate was on the steep sidénefattrition versus agitation
time curve, and therefore, each additional minditegitation caused a significant
amount of needle breakage.

* The detection of the formation and break-up of aggtes in real-time using non-
invasive Raman spectrometry was confirmed. Thiglesvant to industry as these
aggregates can cause severe detrimental effectisetanside of a drier, and
therefore, real-time detection means that agitattam be stopped until a
threshold LOD has been reached where the aggreyatais up.

* Non-invasive Raman spectrometry can be used to torottie average bulk
density of the particles as the drying process gchowever, the effect of
average bulk density caused by the solvent rempradess (the formation and
destruction of liquid bridges at decreasing LODs)etvas found to be greater

than the effect of change in bulk density causa bgduction in particle size.
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« The use of the non-invasivéAT probe meant that the drying process could be
monitored without disruption to the mixing procdbke would be the case with
in-line probes) owing to the “point-and-shoot” n&twf the probe. Furthermore,
the 6 mm spot size with around 3 mm penetratioritdeyio the sample resulted
in a greater amount of powder analysed per measuntethan compared with
traditional probes with con-focal optics. This me#mat the use of the"RT
probe gave more representative measurements thald Wwe expected from con-

focal in-line probes.

8.1.4 Application of in situ process measurements in the development of an

active pharmaceutical ingredient.

The use of PAT instrumentation was evaluated ferrdle in supporting API
development and formulation for a phase Il antibiet GSK. FBRM, Raman and
NIR measurements were applied to crystallisatiomyind, wet-willing and
granulation experiments to determine if the nunddgorocessing steps required for
the production of the oral dose formulation couédrbduced from 7 to 4. The key

points from a research perspective were:

FBRM measurements were more suitable for unit dpers where particles are
in slurry and control of polymorph is well undermstio Although Raman (and
NIR for wet-milling) were able to monitor these pesses, the information
contained in the spectroscopic data was not sagmfly greater than that gained
from FBRM.

* In situ spectroscopic measurements were most siateteasurements where the
solvent content is low such as granulation or dyyi®coping studies were
performed where a combination of Raman and NIR wgitesed to monitor a
novel granulation process for the API, where thd ABs wet-milled with the
intra-granular components and then granulated duhie vacuum agitated drying

process. Although more work was required, simitatdires to those observed
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during the laboratory scale drying experiments wareerved in the Raman data
for the API.

8.2 Suggestions for future work

The studies carried out for this work revealed eagrdeal about the drying and

attrition processes for needle-shaped COA partieed furthermore, demonstrated

that non-invasive Raman spectrometry allowed fal-tiene monitoring of the

solvent removal and detection of the physical phswa that occurred during

drying. However, there is scope for further reskeanto this area, and some possible

suggestions are given below:

Improved particle size analysis technology shoddbaluated for monitoring of
particle size in real-time during drying. For exdejthe FBRM C35 probe has a
window wiper designed to eliminate probe foulingttloccurs with wet sticky
particles.

Further study into the use of other spectroscoplirigues that can be used
situ could be carried out. Although some in-line NIRSrkvusing a dispersive
spectrometer was carried out in the bespoke drs&d uduring this project
(significant probe fouling and a baffle effect walsserved), the application of
diode array and fourier transform NIRS measuremémtsther processes has
shown that particle size measurements can be @dfefrom the NIR data.
Furthermore, the use of passive acoustic emissp@tiscopy has shown
potential for monitoring drying processes and cdaddstudied in more depth.
The work carried out here focused on the attribol agglomeration processes
that occurred during agitated powder drying, howgseveral other phenomena
are known to occur such as solvate or hydrate @sarigaman spectroscopy is
known to be sensitive to changes in polymorph, Hretefore, polymorphic
systems could be studied in future using this tegler NIRS is known to be
sensitive to hydration state changes and therafae be a suitable technique to

monitor such changes during drying.
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The drying processes of other compounds with varyomystal shape and

densities could be performed, in doing so, guidsinould be produced on how
materials with similar physical properties may peri when dried.

In this work, all the experiments have been caroedl at a laboratory scale.
Future studies could involve transfer of the Rammactices devised for

monitoring of drying processes for assessmentmatieh larger scale, i.e. in pilot
plant or full industrial driers.
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