The Influence of Hydrodynamic Environment on the

Nucleation Mechanism of a Chiral Crystallization

Craig James Callahan

Thesis submitted for the degree of Doctor of Philagphy
Centre for Oscillatory Baffled Reactor Applications (COBRA)
School of Engineering and Physical Sciences
Heriot-Watt University

July 2014

The copyright in this thesis is owned by the autioy quotation from the thesis or use
of any of the information contained in it must agchedge this thesis as the source of
the quotation or information.



Abstract

This thesis presents the results and discussionanoinvestigation into nucleation
mechanisms in a cooling crystallization of sodiutocate in both a stirred tank
crystallizer (STC) and an oscillatory baffled calbter (OBC) under various
crystallizer configurations and operational coruhs.

The key question to be addressed was why nucte#biok place in an OBC
without seeds, while seeds were essential in an 8T e same chemistry and at the
same process conditions. Various hypotheses heefe initiated, tested and verified in
both primary and secondary nucleation experimesms, new scientific insights and
better understanding have been achieved on thenp#ges that have influenced the

nucleation mechanisms and some explanations afhyoseeds were not necessary in
the OBC are put forward.

For the seeded nucleation, the fluid dynamic emvitent and mixing mechanics
were responsible for dictating the nature of thelemtion mechanism. The unique
scraping action of the baffles against the cryigellwall in the OBC enabled a different
enantiomorphism of the product crystals compareithéoseed crystal. Removing such
a motion in the OBC provided product crystals samitio that seen in the STC. The
degree and the means of mixing near the single egetial also affected the crystal
handedness. For the primary nucleation experiméntsgas found that the handedness
of the product crystals in the STC was stronglyemiated towards a single
enantiomorph, while both enantiomorphs were forrmethe OBC. The results were
suggestive of a lower free energy barrier in theQQB turn resulting in primary
nucleation being favoured in the OBC as oppose@pal secondary nucleation being
dominant in the STC.
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Chapter 1 — Introduction

This chapter discusses the purpose and inspiratiche research as well as gives a

general overview of the layout of the thesis.

1.1 — Basis of Research

Crystallization is an important separation techeiquthe chemical and pharmaceutical
industries. Although many theories are availabléhe literature[1-5], the fundamental
science behind crystal nucleation and growth isfulbt understood and in an industrial
setting, operator experience rather than sounchtsfiteunderstanding often plays a
major role in the success or failure of a crystalion process. The scale up of
crystallization processes also poses further amgdéle for chemical engineers and
process chemists in that although batch proceseewell understood, the scale up is
often marred with batch to batch variations witlkliidnal problems not encountered in
the laboratory scale. This is largely due to défe fluid mechanical conditions present
at different scales of operation[6]. It is widedgcepted that discrepancies in mixing
and flow patterns have profound influence on Opatens such as metastable zone
width (MSZW)[7], nucleation and growth mechanism€8 This consequently affects
the final crystal specifications such as size ttistron and morphology[10]. A drive to
minimize these differences in fluid dynamics afetiént scales of operation has led to
the use of continuous crystallization by means laf glow crystallizers such as the
continuous oscillatory baffled crystallizer (COBC)F13].

Due to the uniform mixing, plug flow characteris{it4], enhanced mass[15]
and heat transfer rates[16], together with the easé readiness of controlling
temperature profiles along the length of the ciyista, this provides a constant fluid
mechanical condition for the nucleation and subsatjgrowth of crystals. This has led
to uniform crystal sizes[17] with significantly esiced filtration rates[18]. The
transition of a lab scale COBC of typically 10 — ¥n diameter to a pilot/full scale
COBC of 40 — 80 mm diameter is a linear process[d@jch means that there is little
variation in fluid mechanical conditions as welltae metastable zone widths and this
facilitates a direct and smooth scale up operatidm.addition, analytical tools and
monitoring techniques can be used at all scalesowitmodification, enabling direct

knowledge and know-how of transfer from lab to isigial volumes.



In recent studies of continuous crystallization aftive pharmaceutical
ingredients (APIs), some interesting results wemeststently observed. For example,
higher nucleation temperatures and narrower MSZWewbserved in an OBC than in
an STC[20]; rapid growth of crystals in an OBC ettt the entrainment of impurities
was possible[21]; also seeding was not necessay @BC while it was essential in an
STC for the same operation[22]. This current Ph@rkwaims to address the latter
finding which has been exhibited in the followinwgptavailable case studies:

Case study 1 — Crystallisation of an API producteffermentation

In the benchmarking operation, the solid crude dbelsm were dissolved in acetone
(40% wiw) at 45C, and then crash cooled to Z0 Solid seeds (~1% w/w) were added
at 20 C. The crystallizing solution was then cooled t6 Z at a rate of 0.3C /min.
There was an aging period of 4 hours after crystdlbn. In the OBC, it was cooled
from 45 to 25 C at a rate of 3C/min, and then at 0.8/min from 25 to 2.5C.
Nucleation took place without seeds and the saméetter purity and yield was

obtained in comparison to the benchmark data, lithtno aging time.

Case study 2 — Crystallisation of a fine chemicahepound

In the benchmark STC operation, 1% seeds (w/w)atemwere added to the solution at
40 'C. The solution was then cooled to ZD over a number of hours. A two-step
cooling profile was used in the OBC, where nucteatvas achieved without seeding at

cooling rates of up to 1.Z/min. All tests gave good purity and high yield.

The hypotheses are that a different nucleation am@sm could be observed in
an OBC compared to a STC. Such differences coaldide to different styles of
mixing, or mixing mechanisms, while all other ogemaal conditions remain constant,
such as supersaturation, temperature, mixing iitfeasid etc. Different nucleation
mechanisms may have resulted in different crygatibn specifications.
Understanding and controlling these differencesnoéleation in an OBC will be
essential in order to scale up a batch operatiamtondustrially relevant process with
ease and confidence. It is however nearly imp&ssibobserve nucleation directly due
to the facts that the event of nucleation is tai fa be recorded and the concentration
of nuclei is too low to be detected by any modewrasuring tools. The focus of this
PhD work is therefore directed at finding a cryst@mpound whose solid state

properties could retrospectively be related to thmecleation mechanism. This
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relationship can then be probed in order to furtheerstanding into how and why the

OBC yielded different properties to an STC operatio

In the work described in this thesis, it has bekows how the use of an
enantiomorphic compound has allowed the deternunatf the nucleation mechanism
in both the OBC and STC. All of the data generatedfirms the hypotheses that it is
the fluid mechanical environment which plays an amg@nt role in the nucleation
mechanism. Through further hypothesising andrtgsit has been shown that it is in
fact the scraping action of the baffles on the immeface of the wall in the OBC that is
the main culprit for the differences in the nudeatmechanisms when compared to the

STC where no scraping takes place between tha@gaad the vessel wall.

1.2 — Structure of thesis

This thesis is split into ten chapters. Followthgs introduction, a review of the current
theories on crystallization and a more detaileccdpon of the mechanism of mixing
seen in an OBC are reported in Chapter two. A rermndé model compounds that
would be suitable for the investigation is alsolioetl. This section also reviews the

background literature and discuss the possibleleadk data for comparison.

Chapter three describes the experimental and twalysetup and the
experimental plans that will be implemented to grohe effect of mixing mechanism

on nucleation.

Chapters four to eight presents and discussesethdts of the experimental
work for seeded and non-seeded cooling crystaitimatf sodium chlorate in the OBC

and STC, and draws conclusions for each conditivestigated.

Chapter nine summarises the key differences andredtsons on the effects of
crystallizer configurations and operating condisiam nucleation mechanisms observed
in the OBC and STC. Chapter ten recommends figurgies based on the outcome of
this research. Finally, after the main body of thesis, the appendices are given

followed by a list of literature references.



Chapter 2 — Literature Review

This chapter considers the relevant backgroundatitee and general theories for
crystallization and reviews crystallization hardejaspecifically the OBC, as well as

potential model compounds.

2.1 — Crystallization

This section of the literature review discussesréievant background of crystallization
beginning with nucleation and progressing onto talygrowth. The topic of chiral

crystals is also examined.

2.1.1 — Introduction

Crystallization is a separation process that haporant uses in many different
industries ranging from food such as chocolate[28]d ice cream[24]where
crystallization directly impacts product quality the pharmaceutical industry where
crystal size of a drug compound affects downstregerations such as filtration and

drying[25], and ultimately the bioavailability di¢ compound to the patients [26-28].

Crystallization is the process of forming a soliystalline state from either a
solution or a melt of a substance and can geneballgonsidered in two stages. Firstly
nucleation must occur and is a critical stage iy arystallization process where a
number of molecules undergo some manner of seffralsly process to form embryos,
which must reach a certain minimum size to be staldecondly, these nuclei undergo
growth to become crystals with well-defined cry$tales. Both steps can be considered
much like any other chemical process wherein tie@n energy barrier that must be
overcome to allow the process taking place. Theirdy force for nucleation and
growth is defined by supersaturation, which is latrenship between the temperature

and concentration of a solution and is closelytegldo the solubility of a compound.

2.1.2 - Supersaturation

If a solution containing a given solute is in eduilm with a solid phase, the chemical
potentials of the solute in solutiopsbuion) and the solute in the solid phagg.fy) must

be equal, as shown below.

Ap = Usotution — MUsotia = 0 (2.1.01)



Wheredyis the difference in chemical potential (J Mol

In this state of equilibrium the solution is termasl saturated and a graph of
concentration versus temperature is the solubfityfile, depicted in more detail in

Figure 2.1.1.

A Supersaturared
solution

Solute concentration

-
-
-
o
e
ol
FFFFF
_____
-

Undersaturated
solution

—
-

Temperature

Figure 2.1.1 - Typical solubility curve (solid lineand metastable limit (dashed line).

The area between the two represents the metagtaide Image adapted from [29]

If the A value is positive Ksowution > Msoiid), more of the solute exists in the
solution state and the solution is then superstdraConversely when the valueAf
Is negative [{solution < MUsolig), More of the solute exists in the solid state dr@dsolution
must be undersaturated. The chemical potential bmrexpressed in terms of the

standard potentiali,, and the standard activitg, as shown below.
U= U, + RTIlna (2.1.02)

WhereR is the gas constant (8.3143 J thél™") and T the absolute temperature (K).
Note thata can take the form ofs” to denote the activity of the solution phase @f
the activity of the solid phase or the equilibriattivity. Substituting the above into
equation (2.1.01), the following can be derived.

X =mn(2) 2(1.03)

RT a



The ratio of the standard activities/a can be replaced by supersaturatisn,
giving the equation (2.1.04).

2—‘; =lIn (ai) = InS (2.1.04)

Assuming that the solution being studied is an lidgetution, the activity will
not vary with concentration; the supersaturation td@en be expressed in terms of
concentration. An excess of concentration abowe efQuilibrium will drive the
formation and growth of crystals, i.e. the solutjgmase has a higher concentration of

solute than the solid phase.
InS = ln;—* (2.1.05)

Where S is the fundamental supersaturatiorthe equilibrium concentration (kg
(solute in solution in equilibrium with the solidh@se) and c the solution concentration
(kg m®) (solute in solution phase). If ¢/is approximately 1, then equation (2.1.06) can

be used.

*

ln% ~ C;C =g orS=0+1 (2.1.06)

Wherego is the relative supersaturation.

A typical solubility curve will consist of three stinct regions as shown in

Figure 2.1.1: the stable, metastable and labil®nsg

The stable region lies beneath the solubility curaed refers to an
undersaturated solution where no nucleation coalclio This is typical of a high
temperature. If a stable solution is cooled, evateal, or undergoes an addition of an
antisolvent, the solution will then become supensdéed and enter the metastable zone.
Crystallization is unlikely to be spontaneous, éast seeding would be necessary to

induce nucleation.

Further increasing the supersaturation by coolew@porating or anti-solvent
addition will push the solution past the boundafythe metastable zone and into the
labile region. It is in this region that the saduttis the most unstable and most likely to

spontaneously nucleate.

A number of nucleation mechanisms can occur unueicbrrect conditions of
supersaturation. Figure 2.1.2 displays the passitdchanisms of nucleation.
6
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Figure 2.1.2- Mechanisms of nucleation [3]

2.1.3 — Primary nucleation

When a new solid phase is spontaneously formed fhensupersaturated solution, this

is an example of primary, homogeneous nucleation.

The “transition state” to nucleation as describgdtie classical nucleation
theory is a cluster of molecules held togetherrigrmolecular forces. These clusters
of molecules are defined by Volmer [30] as beingstnucted by means of an addition

process:.
A+A=A;
A+ A=Az
Acn+ An=Ac

Such an addition process proceeds until a crittgdter size has been reached

and a nucleus established, as demonstrated ineFRyls3.
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Figure 2.1.3 - Formation of clusters in solutidolute molecules are represented by the

blue circles. Adapted from [29]

In a saturated solution, these clusters, or embayesconstantly forming and
dissolving in a state of equilibrium. Once theusioin is supersaturated, the formation
of tangible solid surfaces becomes possible. TDadescence of the solute molecules to
form a three dimensional nucleus carries an enbagyier as this is essentially the
formation of a new solid surface from the solutiomhe likelihood of this forming a
stable nucleus (as opposed to re-dissolving) vélldetermined by the energy of the

nucleus’ formation and subsequent growth.

The overall free energy differenc#G (J), between a solid particle of the solute
and the solute being in solution is the sum ofsindace excess free ener@is(J) and

the volume excess free ener@y; (J):
AG = Gy + G (2.1.07)

WhereGy andGs are defined by:

G, = 20— 42y (2.1.08)

3Vm

Wherer is the radius of the nuclei (m)y the molecular volume (frmol™) andy the

interfacial surface tension (J%n
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Figure 2.1.4 — Critical free energy@®it) and critical radiusr{;;) of nucleation. Figure
derived from [29]

In order to determine the value 46, the radiusr, can be replaced with the

critical radiusfit, which is the minimum size of radius needed foualeus to become
stable and then grow, as denoted in Figure 2.1.4.

_ _ 2Yvm
T =Terit = Ap

(2.1.09)
Substituting the above into the equation (2.08)ltesn equation 2.1.10.
16Ty 32
AGerie = ?A/l;

(2.1.10)

In dealing with nuclei, the formulae must relatesiid particles instead of

moles of gas. Because of this, the gas condaimt,equation (2.1.04) can be replaced

by the Boltzmann constari, (1.38 x 107® J K%). By substitutingAp from equation
(2.1.04) and S from equation (2.1.06) into equafibt.10) we have:

AGerie = Lomy v’

_16my3vpy?
3[kTin(c+1)12  3k2T2(InS)?2

(2.1.11)

From equation (2.1.11), it can be seen that atdnid¢vels of supersaturation,

the critical free energy for nucleation will be vegd in comparison to that at lower
levels of supersaturation. This is illustratedrigure 2.1.5.
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Figure 2.1.5 - Free energy difference with respesupersaturation. Note the reduction

in bothrit and4Ggit when supersaturation is increased (red curve) [29]

Supersaturation will also have an effect on the @t nucleation as demonstrated in

Figure 2.1.6, where the nucleation rate is plo#tgainst supersaturation.

Nucleation rate

Supersaturation

Figure 2.1.6 - Nucleation rate with respect to ssgieiration. The critical

supersaturation is where the nucleation rate ise®axponentially [29]
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The rate of nucleatiod, (kg m® min?), is described by the equation:

J = kel@r) (2.1.12)

Where K is the nucleation rate constant which varies dégnon the order of

nucleation rate.

By combining equations (2.1.10) and (2.1.12) it barseen that higher values of
surface tensiony) give large4G, leading to smaller values df Similarly, higher
values of chemical potentiad|i) lead to lower values ofG, hence highel values.

It is likely that homogeneous nucleation is rar@yer seen in industrial
crystallization. Instead, some form of heterogerseaucleation is taking place wherein
some sort of impurity, possibly remnants of a poasi batch or dust from the

environment is triggering the nucleation event.

In “dirty” systems, nucleation temperatures an@sdend to be higher than that
in “clean” systems. For example, pure water weklze at around -30 °C, but tap water
will readily freeze at -9 °C[31]. This phenomenoccurs because solid impurities in
the fluid provide an opportunity for solute moleesiito adsorb onto the surface of the
impurity. Essentially, the impurity acts as a mud and allows crystal growth due to a
reduction indGgit. This type of nucleation is known as heterogeseuucleation. The
more the impurity resembles the surface of therddsiucleus, the lower the value of
AGit and the more effective the impurity acts as a sepdiaterial. In the case of the
impurity, or nucleant, yielding an exact crystataghic match for the desired nucleus,
the seed will then orientate the solute moleculet ghat the nucleant behaves as part
of the crystal structure. This phenomenon is knasrepitaxy, as illustrated in Figure
2.1.7.
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Figure 2.1.7 - Heterogeneous nucleation due tgthsence of a nucleant indicated by
the red circle [29]

This reduced free energy for a heterogeneous rtigrheean be defined asG'qit and is

differentiated fromAGg,i: of a homogenous nucleation by the following equatio
AG'crip = PAG i (2.1.13)

The term¢g is a function of the contact anglé)(between the solid impurity and the
new crystalline deposit. This term also takes exoount the surface tensign, The
surface tensions between the crystalline, liquid mmpurity species will determine the
contact angle of wetting involving the solution anthe solid impurity.

Mullin[5]presented a nice figure demonstrating tisisown below in Figure 2.1.8:
Yel

Liquid (L)

Crystalline
deposit (c)
Yes 8 Ye
Solid surface (s)

Figure 2.1.8 - Interfacial tension and contact aagh heterogeneous nucleation[5]

The angle and tensions can be resolved and ddyied

cosf = % (2.1.14)
cl
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Where the subscripl stands for the surface tension between the solkitlliguid, cs
between the growing crystal and the solid surfawtch between the growing crystal
and the liquid.

Volmer [30] suggested thak can be defined as:

__ (2+c0s8)(1—cosH)?

b - (2.1.15)

In such a situation, the contact angle relatebeeepitaxy of the solid impurity.

If the solid impurity shows no correlation to theystal structure of the solute,
no epitaxy will be displayed and the contact angl@®f the system will be 180° as seen
with a completely non-wetting liquid-solid interac In such a situationp will be
equal to 1 andiG'¢t will be equal ta1G.ir and no heterogeneous nucleation will take

place.

If there is some degree of epitaxy between thalsolpurity and the crystalline
structure of the solute, the contact angle can thke any value between 0 and 180°.
This will give ¢ a value of less than one and therefd@; will be less thamGi.
Heterogeneous nucleation will take place due to réduced critical free energy

requirement.

2.1.4 — Primary nucleation kinetics

Just as understanding of chemical reaction kinetresimportant for the scale up and
operation of any other chemical processes, crystaleation kinetics are of great
importance in order to achieve true control of patibn and growth. Determination of
nucleation kinetics relies on understanding andirobrof the metastable zone width
[32].

Nyvit (1968) proposed a method for evaluating rihieleation kinetics based on
the metastable zone width [33]. Modifying equat{@rl.12) allows the expression of

nucleation rate as:
J = KA ™ (2.1.16)

WhereAcmaxis the maximum possible supersaturation (kg) mndm is the order of

nucleation.
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The maximum possible supersaturation is a funct@n the maximum
supercooling in the system due to the fact thaitswl concentration is dependent on
the solution temperature. From equation (2.1..6an be seen that the nucleation rate
depends on the rate of generation of supersatordtite faster supersaturation is
generated, the faster the nucleation rate will isjich in turn depends on the cooling
rate, the metastable zone width can be relatedeti@aoling rate according to equation
(2.1.17).

dc*
dT

logB = (m — 1)log— + logK + mlogAT,,qx (2.1.17)

Whereg is the cooling rate (°C mif), T the temperature (K} Tmaxthe metastable zone

width (°C) anddc /dT represents the dependency of concentration toeeanpe.

From this, a plot of logl) against logfTmnay would give a straight line of
gradientm, and the nucleation constakKt, evaluated from the intercept.

One drawback to the Nyvlt method lies in the degoéeaccuracy of the
determination of the metastable zone width. Maifferdnt techniques exist which
allow the observation of the nucleation point (mprecisely, post-nucleation) but the
perceived MSZW may differ for each method used .[3%pols such as turbidity [35,
36], ATR-FTIR spectroscopy [37, 38], FBRM [39, 4Bylk video imaging [41, 42] and
analysis by eye [43] have been employed previously, each method requires the
nuclei to grow to a certain minimum size in ordebe detected. It should be noted that
these above methods provide a retrospective glingbgeost-nucleation events in a
crystallizer. The smaller the minimum size of miclthe more accurate the

determination of MSZW would be.

In order to account for the accuracy of the anedyttool, Kubota (2008) [44]
considered the minimum number of detectable nuideia given volume, i.e. the

number density in the kinetic extraction as giveeqguation (2.1.18).

1 N 1
10g(ATyay) = ——log [(32) (m + 1)| + —=log 8 (2.1.18)

Where NV is the number density, the minimum number of nuckmuired for
detection. As with the Nyvlt method, the slopeaoplot of MSZW vs. cooling rate
yields the gradient, m, but the nucleation constam only be evaluated provided that
the number density is given for each nuclei deteckor a turbidity probe, Mitche#t

al. suggested a value bf/V as 16*# m* [36].
14



2.1.5 - Secondary nucleation

Should the solid impurity be an exact crystallogmapmatch for the crystalline

structure, the contact angle will be 0° af@'i; will equal zero. Such a situation would
arise when a pure seed crystal of the solute redoted to the solution. Nucleation
will result because of the introduction of a crilgta material and is termed secondary

nucleation.

This type of nucleation has been studied in détgaib number of researchers,
see for example: Strickland-Constable[45]; Denk &wtsaris [46, 47]; Qian and
Botsaris[48-50]; Garside and Davey [25, 51] and IN§2]. There are a few
mechanisms through which secondary nucleation @ie@ place. The first mechanism
is contact nucleation, a process where a singlgalris split into numerous crystals by

mechanical means.

Powers(1963)[53] and Sungt al. (1973)[54] suggested that fluid shear, an
aspect of mixing, was responsible for secondaryeation and fluid flow could cause
micro-crystalline dust from a crystal to be sweapbisolution and into areas of high
supersaturation. Alternatively, growth on the tailsye surface could be sheared off

and taken into the solution in a similar fashi@ading to secondary nucleation.

Once crystals have been established within thetalliger from some sort of
primary nucleation, or secondary nucleation desdibbove, it becomes likely that
there will be collisions between crystals and alier walls/impeller surfaces or
crystals with other crystals. Such interactiong &nown as collision breeding

interactions yielding further crystals.

The other method of initiating nucleation throughystal presence is by
deliberately introducing crystals into the solutiofhis is known as seeding. Seeding a
crystallizer involves introducing crystalline sauto the solution in order to initiate
nucleation, by either single crystal, or a certamss of crystals. The use of seeds is an
important procedure in industrial crystallizers wéheontrol over the nucleation process
is essential to prevent problems such as rapideatioh that could lead to deviation
from desired crystal parameters. Seeding can la¢§o control phenomena such as
scaling or blockage in an industrial crystallizer.
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In order for seeding to be effective, the seedsulshtve introduced to the
solution within certain conditions of supersatwatiideally within the metastable zone

width, as shown in Figure 2.1.9 below.

Concentration

Temperature

Figure 2.1.9 - Supersaturation pathway of a seedesallization

From Figure 2.1.9, an undersaturated solution attg® is cooled beyond the
solubility curve A and into the metastable zonen ideal seeding point would lie in the
metastable zone before the line B where the sujpeas@n would allow spontaneous
nucleation to occur. As an example, the point Dulddbe a suitable point for seed
crystals, although this would vary on a compounddmpound basis, as well as the

experimental conditions such as cooling rate andnyi

If seeds are added at the point C where the salutocundersaturated, seeds
would be dissolving. Conversely, if seeds are dddédhe left of the curve B where the
solution is too supersaturated, primary nucleaisdikely to occur, offsetting the effect
of seeding. By using seeds, the nucleation caocob&olled, in turn allowing control
over final product specifications such as crysiak sdistribution and morphology.
Further to the use of seeding, ultrasonic cavitatod laser light were also used to

trigger nucleation events[55, 56].

2.1.6 — Alternative nucleation theories

As well as the classical nucleation theory, a numiferecent studies have
suggested alternative models. Qian and Botsar®®7(1 suggested the embryos
coagulation secondary nucleation (ECSN) model whidtiressed the attractive forces
acting between the solute molecules and the maecluisters, a parameter overlooked

by the classical nucleation theory. The behavafuthe molecules in this model was
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described in a similar manner to a colloidal suspen Essentially, this model
postulated that near the surface of a seed crystaxample, the attractive forces of the
seed surface could orient the molecules of thetsahto an ordered cluster prior to the

nucleation event[48].

This model was used to describe not only the K@statlization work by Qian
and Botsaris, but also some previous researchvmgbkenantiomorphic crystallization.
Davey et al. (1990) reported the case of triazolylketone ctystdion wherein the
product crystals had incorporated the opposite teraer into the surface and the bulk
of the crystal[57]. Qian and Botsaris describad #s the attractive forces involved do
not discriminate between optically active enantisnehich explains the incorporation

of the chiral impurity into the crystal structure.

Qian and Botsaris also used the ECSN model to expiee work of SCMC
crystallization by Yokota and Toyokura (1992) whereduct crystals displayed mixed
enantiomorphism when seeded with a single enantiaeed[58]. The ECSN model
interpreted that the unexpected enantiomers caalé bccurred due to ordering around

the seed crystal prior to nucleation.

More recently, Vekilov (2005) pointed out that iretclassical nucleation theory,
the structure and the density of the solid andidiquhases were not addressed. By
investigating the crystallization of lysozyme, Vieki suggested that a solution first
adopted a dense liquid state before the moleculdsnwthis dense droplet became
ordered to form a new crystal solid[59] as depicteBigure 2.1.10.

0 o Classical nucleation theories Two-step nucleation mechanisms

Reaction coordinate Reaction coordinate

Figure 2.1.10 — The classical nucleation modelt)(lebmpared to the two-step

nucleation model [60]
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This density fluctuation followed by a structuradiuation was termed the two-
step nucleation mechanism, as presented in thé meyhd side of Figure 2.1.10. In a
recent paper, Vekilov (2010) described how this detovas applicable to not only
protein crystallization, but also small organic emlle and nanoparticle crystallization
with significant improvement over the predictionsde by the classical nucleation
theory[61]. This two-step nucleation theory waaiged by Cheet al. (2011) as one of
the biggest advances in our understanding of thehamesms of nucleation[62], who
also presented a thorough list of literature refees demonstrating that the two-step

nucleation mechanism was a major improvement dwveclassical nucleation theory.

The following is a brief list of the works citedseorgaliset al. (1997) showed,
by dynamic and static light scattering, that lysoeysolutions displayed “mass-fractals
undergoing diffusion limited-like aggregation” pritco nucleation[63, 64]; lgarasiei
al.(1999) demonstrated by means of differential seanalorimetry (DSC) that prior
to crystal nucleation and growth lysozyme soluti@uopted a structured aggregate
which was promoted through hydrophobic bonding leetwthe protein molecules[65];
Chattopadhyat al. (2005) used small-angle X-ray scattering (SAXS§émonstrate
that glycine nucleated via a liquid like clusterarsupersaturated aqueous solution[66];
Garetzet al. (2002) utilized nonphotochemical light-induced leation (NPLIN) to
control polymorphism in glycine crystallization[67henet al. (2011) argued that the
alignment of molecules by the pulsed LASER alonaildaot be sufficient to cause

nucleation without some sort of clustering by meaindense droplet formation[62].

Recent evidence of the two-step nucleation modsl danprehensively been
collected and presented in a review by GebauelGéifdn (2011) [68] who highlighted
a previous work involving amorphous calcium carliengrecipitation, where
transmission electron microscopy (TEM) imaging aded clear evidence of pre-
nucleation nanostructures within the solution [69]High resolution cryo-TEM
experiments were also employed to investigate alimtion of calcium carbonate

revealing evidence of pre-nucleation clusters @3hmM solution[70].

More recently, by using a combination of technigueesh as Cryo-TEM,
dynamic light scattering (DLS) and Brownian micragg/nanoparticles tracking
analysis (NTA) in the investigation of the crystadtion of glycine and alanine, the
presence of mesostructured clusters was able teteeted by Jawor-Baczynskaal.

(2013). Furthermore, they proposed an alterngthase diagram for the crystallization
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of the studied amino acids from solution, whichitsijple metastable zone width of the
classical nucleation model into two distinct regothe mesostructured liquid phase
region, and afterwards, the metastable region aimtd that described in Figure 2.1.1

presented earlier.

2.1.7 - Crystal Growth

Once a nucleus has been established, whether thioetgrogeneous or homogeneous
nucleation, it will continue to grow so long as tlaée of growth units joining the crystal
surface exceeds the rate of crystal growth unasihg the surface due to dissolution.
In the case of a supersaturated solution, thisheilthe case, whergu will be high and
AG will be low, which results in a high rate of nuafe®n or growth. More

supersaturation means that there will be more sohdlecules available in the solution.

As crystals grow, distinct faces will be formedheTrate of growth also depends
on the strength and number of interactions betwaees and growth units. The
mechanism of growth is based on growth units b&eg to migrate to more favourable
positions. For crystals to grow in such a wayiist be assumed that the growth occurs
by the incorporation of growth units in a sequdntisanner. This creation and
propagation of growth layers will determine the mhaof the crystal being grown.
Surface interactions are dictated by the underlpiagking of molecules, or ions, in the

crystal structure or lattice.

A study of the crystal growth can allow understagdof the unit cell structure
and symmetry. Crystal shape is very rarely theesamthe unit cell. Crystals tend to
grow in a manner such that the number of intermuégcinteractions is maximised.
These interactions are reflected in the three fomeddal types of crystal faces: kinked
faces that have 3 interaction sites; stepped few@shave 2 interaction sites and flat

surfaces that have only one interaction site, asvahn Figure 2.1.11.
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Figure 2.1.11 - Types of growth faces [29]

Growth units absorbed onto one of the rough susfékieked or stepped) would
not yield a smooth surface normally visible on gstal. It tends to be the smooth flat
surfaces that bind a crystal’s structure. Sinaedurfaces only have one interaction site
available, the binding there would be relativelyalee.g. the strongest intermolecular
interactions are around 20 kJ/mol[25]. The morteractions available on a crystal
face, the faster it will grow. Growth units adsodonto flat surfaces tend to desorb
readily, whereas on kinked surface, the three hopdiites allow growth units to be
incorporated into the growing crystal. Becauséhif binding mechanism, kinked faces
tend to grow rapidly whereas flat surfaces growdllogvest. The slow growing surfaces
will dominate the crystal shape. It is the studiylat surface growth mechanisms that
allows the prediction of a crystal shape. Theaue$ do not always remain flat, surface

roughening would occur as demonstrated in Figutel 2.

% Surface %
roughening
> -
V/ /

Figure 2.1.12 - Surface roughening [29]
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Figure 2.1.13 - Migration of growth units [29]

A growth unit that happens to adsorb onto a crystaface has three possible

actions which are indicated in Figure 2.1.13:

a) It can desorb back into the bulk solution
b) It can diffuse across the crystal surface to findther growth unit.

c) It can diffuse across the crystal surface to anvega

When dealing with crystallization from solutiongtlsurface roughening factaig)

can be calculated from the equation:

o, = §[=L - inc’| (2.1.19)
Where¢ is an anisotropy factor (a unitless ratio) whietates the bonding energy in the
crystal surface layer to the total lattice enetgiyl; the heat (or enthalpy) of fusion (kJ

mol™®). Typical values o range from 2 to 20 [25].

When as < 3, the surface can be considered as rough. i$Hike having a
kinked face where there are lots of interactioassib incorporate new growth units.

If 3< as <5, surface roughening is to a lesser extent amidesgrowth units
would not find a suitable attachment site and wdblketefore desorb back to the bulk
solution. Growth units that do become attachedlv@et as an interaction site for

further growth units.

Whenas >5, little or no surface roughening is then obsdrand it is unlikely

for growth units to adsorb onto the growing cryséale, see Figure 2.1.14 below:
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Figure 2.1.14 - Types of growth with respect tchalp29]

The final shape of a crystal is determined by #®es at which the different

faces grow:

All surfaces grow
at same rate

L —

Figure 2.1.15 - Crystal shape with uniform facevgtorates [29]

Faster growing face

1
Slower growing Slower growing
face «— 2 n2 —* face
1

|

Faster growing face

Figure 2.1.16 - Crystal shape with different facevgh rates [29]
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The crystal would be bound by its slowest growiagels, as Figures 2.1.15 and
2.1.16 show. This would have a direct impact aghocessability of the crystals, for

example, the filtration as shown schematicallyiguFe 2.1.17:

_Om_ij_u_?@_m i;

Figure 2.1.17 - Cubes allow for free flowing filiea plates can slow or even block
filtration [29]

Crystal shape may be manipulated by selective ptisarof impurities. Such
impurities can poison a growth surface causingdacton of growth rate, as sketched
in Figure 2.1.18. Such additives are useful, foaregle in diesel fuels. At low
temperatures, diesel forms large plate like crgsfaht could block a pump or fuel lines.

Additives can prevent this from happening.

A 3 T b 4 /
Growth without impurity —l

27T
4
/7 w / X
Adsorbed Impurities  / \ —
blocking growth face U
‘\
~ < ,

~—-

Figure 2.1.18 - Growth in the presence of impusif{i29]
There are a number of other variables that cod&taérystal growth:

a) Solvent selection would impact growth rates as mpsddvents would adsorb
onto polar crystal surfaces acting as impurity sumibiting growth;

b) Supersaturation clearly affects growth as high sgiaration means high
growth rates;

c) The volume of supersaturated solution available ldvadfect growth rates;
The more supersaturated solution present, the ngoogth units are

available for crystal growth;
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d) Crystal density in solution would also influencewth. If there are a lot of
crystals in solution they would compete for growttits. This speeds up the
consumption of growth units from the solution;

e) Crystal size would also alter growth. The largerystal becomes, then the
more growth units are required for each growingefaxr layer (Figure
2.1.19);

\
\
/\ / \
A / \ / .
2/A\\2 — 3/ . \3 — / \\
/ \ / \ / \
/ , \ / . \ /

Figure 2.1.19 - Increase in growth unit requiremeitih size [29]

f) Growth would slow down as mass transfer from thieitem is diffusion
limited. As the solution becomes depleted, growtiuld level off as shown
in Figure 2.1.20.

---------------
"""
.
o

Crystal
Size

\ J

Time
Figure 2.1.20 - Crystal size with time [29]

2.1.8 - Chiral crystals

The concept of chirality is an important principfe physical science. In biological
chemistry it governs the behaviour of important rmnacids and complex biological
structures such as DNA. Chiral molecules are nubdscwith two different types of
handedness. The left and right handedness of mlekecan be considered as non-
superimposable mirror images of one another. nmgeof molecules, chirality occurs
due to the presence of a stereogenic atom whickahmsnber of different functional

groups attached to it[71]. An example of this wbudde in lactic acid where a
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stereogenic carbon atom has four different funetigmoups that adopt certain positions
in a three dimensional space according to whictesteomer is being considered, see
Figure 2.1.21 below.

j:OzH CO,H
H /™ “\""H
cH, O HO Ny
(+)-Lactic acid (-)-Lactic acid

Figure 2.1.21 - Lactic acid

The two molecules are a special type of isomer knaw a stereocisomer. The
structure and molecular formula is the same in bethdedness, but the order of the
molecules is different resulting in the mirror irragemonstrated above. The two
mirror images cannot be superimposed on top ofamher and such a molecule is

referred to as an enantiomer, or an enantiomorph.

In order to distinguish between the two enantiomtrs optical activity of the
substance can be examined. The measurement oftdteon of plane polarised light
would allow the determination of which handedndss ¢hirality is. One enantiomer
rotates the light clockwise, denoted by the “+”msigand the other anticlockwise,
indicated by the “-” sign. The use of a polarimetbows the analysis of the rotation of
the plane polarised light. Another terminology &hiral compounds uses the prefixes
D and L as opposed to + and — prefixes respectivEhe prefix D comes from the term
“dextrorotatory”, the polarised light is rotatedanclockwise direction and the prefix L
from the term “levorotatory”, the polarised lighs irotated in an anti-clockwise
direction. Although it is common to use the D andhomenclature, the IUPAC
recommendations in 1996 suggested that opticaligcshould be described by the +

and — nomenclature[72].

The above description is particularly suited foe ttliscussion of individual
molecules and solutions of substances such as actli. When describing crystalline
solids, the idea of non-superimposable mirror insagestill valid. In the case of a

compound such as sodium chlorate (Figure 2.1.22jriblecule itself is not chiral:
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Figure 2.1.22 - Sodium chlorate

Instead, it is the crystal structures obtained wWiktbe chiral as shown in Figure 2.1.23:

Figure 2.1.23 - Sodium chlorate crystal structuf8p|

Normally in an industrial setting, the presence esfantiomorphs presents
somewhat a problem in terms of processing. WImamtgomers (or racemates) exist in
a bulk product, there tends to be a mixture of Bodmd — enantiomers. This is referred
to as a racemic mixture. There are a number dinigoes available for obtaining
exclusively one enantiomer. It is possible to sekective compounds to react with a
certain enantiomer resulting in either chromatogm@pesolution of an enantiomer or
kinetic resolution where reaction rates can be atgud to obtain enantiomeric purity.
By using crystallization processes, racemic mixuwan also be resolved, e.g. using a
chiral complexing agent during the crystallizatidime solubility of an enantiomer can
be altered to yield resolution. Another method alhis more relevant to this work is
the use of a chiral seed. Seeding with the desreshtiomer under certain conditions
would yield exclusively the seed enantiomer infthal product.

For this work, the ability to obtain different en@mers provides the
opportunity of using plane polarised light to datere which handedness of crystals are
obtained during a crystallization. Sodium chloratgstals would rotate plane polarised

light yielding a colour change. An article in theord 2005 publication of Physics
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Today described the work of Viedma where the sodthforate crystals were observed
through a linearly polarized light source. By totg a second polariser at the point of
observation the following colour changes were olesstr The rotation in the clockwise
direction of the second polarizer showed the rigintded crystals appearing to transmit
a blue light (the top row of Figure 2.1.24), whitee left handed crystals remained a
pale white colour. Conversely, rotating the pderiin an anti-clockwise direction, the
left handed crystals would appear in red, withrigbt handed crystals remaining white

as shown in the bottom row of Figure 2.1.24[74]:

Figure 2.1.24 - Rotating polariser clockwise, topl dottom left; and anticlockwise top
and bottom right, indicates the handedness oftystais [74].

Exploiting this property of optical activity woulallow an understanding of the
mechanism through which the crystals are nucleaimd) growing. For example, if a
solution of an enantiomorphic compound was seedé@t @& crystal of known
handedness, the handedness of the product crgstald infer the nucleation process
through which the crystals have been formed. AJstals could either be generated
directly from the seed crystal through contact eatibn, dendritic growth or another

secondary nucleation mechanism; or appear throyghmery nucleation mechanism.
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2.2 — Oscillatory Baffled Crystallizers

In this work, oscillatory baffled crystallizers avsed. A brief review of the relevant
literature is presented in the following sections.

2.2.1 - Introduction/History

Oscillatory baffled flow (OBF) has been a growinga of research since the mid-
1980s, which stemmed from the study of oscillaftow in the form of the pulsed sieve
plate column as described by Van Dijick (1935)[@Bf the reciprocating plate column
as described by Karr (1959)[76]. This researchttedtudies of oscillatory flow in
furrowed channels for applications in membraneafiion as reported by Bellhouse in
the early 1970s[77]. It was in 1980 that Sobely al reported a numerical
characterisation for the vortex style mixing wittBellhouse’s system[78, 79]. These
findings were consistent with data published arodinel same time by Knott and
Mackley (1980) who reported that when sharp edgesewpresent in a flow field,

enhanced mixing was achieved due to vortex formahat was observed[80].

The first conception of what would have becomedkeillatory baffled reactor
(OBR) was proposed by Mackley (1987) in the fornthaf oscillatory baffled tube[81].
This simple device consisted of essentially a dylcal tube with a series of
periodically spaced annular baffles onto whichftbegl was oscillated. The oscillation
of the fluid produced vortices as the means of ngxi The efficiency of this mixing
was quantified by Brunoldt al (1989) who demonstrated the generation and ¢essat
of large scale eddies [82]. In considering a sger@ continuous flow, Dickenst al
(1989) demonstrated the effectiveness of the edeyjnghnand reported conditions for
near plug flow operation[83]. This pioneering @sh led to significant work in the
1990s which developed understanding on how the ©&RJ yield improvements over
traditional stirred tank reactor (STR) in terms béat transfer (some 30 fold
improvement in Nusselt number was achieved)[16, Bdlss transfer[15, 85], residence
time distribution[86] and in scale up correlatiat®[ 87]. This subsequently paved the
way for the development of the oscillatory baffiegctor (OBR) for studies in more
industrially relevant processes such as biodiesetiyction[13], polymerization[88],
mixing and particle suspension[89] and more reldatedhe objectives of this work,
crystallization[7, 20, 90, 91].
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2.2.2 - Mixing in an OBR

From the early research in OBF, the mixing in anROBan be explained as the
formation of vortices or eddies due to the motidradluid through the baffle which
acts as a sharp edge. The oscillation of the fdliows the constant generation and
cessation of eddies which creates a complex sefiflsw patterns within the reactor
resulting in highly efficient axial and radial mmg. Figure 2.2.1 below demonstrates

the eddy motion within an OBR[92].
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A = Start of Up stroke

B = Maximum velocity in Up stroke

C = Start of Down stroke

D = Maximum velocity in Down stroke

Figure 2.2.1 - Eddy motion in an OBR[92]

As seen in Figure 2.2.1, the oscillation causedngixortices within each inter
baffle cavity. This effectively allows each cavity act as a perfectly mixed stirred
tank, with the mixing intensity controlled by vamgi the oscillation frequency and
amplitude. Oscillation of the fluid can be achié@wbdrough a bellows or piston unit.
Alternatively, a rotary or linear motor can be usedscillate the baffles through the
fluid within a vessel. Typical reactor designs &ach method of oscillation will be

discussed in more details in section 4.1.
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At low mixing intensity, the generation of vort&cecan be said to be
axisymmetric. As the intensity of the mixing inases, the vortices then become more
chaotic and mixing more thorough. This mixing gy has been simulated by
Mackay (1991)[93], Howes (1991)[94],Wang (1994)[9&ihd Roberts (1996)[96].
More recent studies into the flow patterns gendratgthin an OBR have been
conducted with the aid of digital particle imageloegmetry and laser induced
fluorescence (Net al, 1995[97] and Fitclet al, 2001/05[92, 98]).

2.2.3 - Characterisation of fluid mechanics

Flow of a fluid in a pipe is characterised by theehsionless Reynolds number. The
Reynolds number is the ratio of inertial force tscous force within the flowing

material as defined by equation (2.2.1).
Re =uD/v (2.2.1)

WhereD is the pipe diameter (m),the mean superficial flow velocity (Msandv the
kinematic viscosity of fluid (fs%). WhenRe< 2000, flow in the tube is streamlined in
nature, or laminar. Once the Reynolds number elsc@800, the layered structure of
laminar flow will no longer be in effect and theowt is said to be turbulent. The
Reynolds number is essentially a description ofsta¢e of flow; it gives a numerical
value to the degree of turbulence in the fluid ameblves all of the factors shown
below in Figure 2.2.2.

Figure 2.2.2 — Flow in a tube of diameter D [99]

Once an oscillatory motion is applied to the ab@eenario, the Reynolds
number becomes insufficient to describe all of mr@ions occurring within the tube,

shown in Figure 2.2.3.
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Figure 2.2.3 - Oscillatory motion applied to flowa tube [99]

The characterisation of a pure oscillatory flow ¢enattributed to the work of
Binnie (1945)[100]. Since then there have beemralver of publications wherein the
characterisation of oscillatory flow has been masiag the pulsating Reynolds number

defined by equation 2.2.2.
Re, = u,D /v (2.2.2)

Where u, is the pulsating velocity (M3. This factor was defined by Sarpkaya
(1966)[101] as the amplitude of periodic componeintross-sectional mean velocity
(=nfxApistor Apipe) Wheref is the pulsating frequency (HzJ, the pulsation centre to
peak amplitude (m) anBision and Apipe are the cross sectional areas of the subscript
term (nf). In most applications, the pulsating velocityrdze taken as the product of
the amplitude and angular frequency Lug.= X,w. The pulsating Reynolds number
therefore describes the oscillatory motion appliedhe system, while the net flow
Reynolds number describes the measurement of #te st flow within the system.
Combining both Re and Reall of the parameters of pulsated flow as showfigure

2.2.3 can be covered.

Pulsed oscillatory flow can be complicated furthwgr the addition of inserts
such as baffles within the tube being studied. tHis case, Re and Relo not
sufficiently characterise the flow involved. Tccaant for the new parameters shown in
Figure 2.2.4; the Strouhal number was introduced|[@&ined by equation 2.2.3.

Stf = fH/upeak (223)

WhereH is the half channel width (m) angea« the peak velocity at the maximum
channel widthHnax The physical meaning of the Strouhal number hats defined as

the ratio of the channel length scale to the sohéefluid particle displacement[102].

Research in the late 1980s into generating unstesslin a laminar flow[81, 82]

found that oscillatory flow around a baffle configtion as shown in Figure 2.2.4
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caused the formation of vortex rings downstrearthefbaffles. On each reversal of the
direction of flow, the vortices are swept into tbentre of the tube and the cycle of
vortex formation, growth and ejection yields a astat chaotic advected mixing in each

inter-baffle cavity (the mixing effect is propagat@ownstream).

I.L—.
u D, D
v |

Figure 2.2.4 - Oscillatory baffled flow [99]

Brunoldet al[82] proposed the fluid mechanics of oscillatoaffled flow using
two dimensionless groups: the oscillatory Reynaidmber and the Strouhal number

defined by the equations 2.24 and 2.25 below.

Re, = u"ﬂ% = wx,D /v (2.2.4)
WHmax __
St = E = D /4nx, (2.2.5)

The Strouhal number was based on the study of xwstiedding in flow around
restrictions such as orifices. The von Karman esorstreet is an example of how

vortices develop behind a cylindrical object idawing fluid, shown in Figure 2.2.5.

Figure 2.2.5- von Karman Vortex Street [99]

In the above example, the velocity of the vortereedt u, would be equal to
0.86u,, the free stream velocity of the liquid[99]. It waisggested by Rouse[103] that
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the frequency of vortex shedding could be defimedhfthe Strouhal number as shown
in equation 2.2.6.

st, =B (2.2.6)

Uco

WhereD' is the effective width of the obstacle (m) andhis cylinder diameter in the
case of a tubular reactor. In transferring the@dtal number to an OBF applicatidp,
was replaced by the angular frequency of oscilhatidhis can only be true for values of
o that are equal th but not close to resonance. Also, the free strealocity of the
liquid can be replaced by the oscillatory velodityOBF. This makes sense as the
oscillatory velocity would be the factor responsilibr reciprocal vortices in OBF. One
flaw with the Strouhal number above is that D' dat consider the obstacle diameter.
This is given as the tube diameter in OBF. Ni @uigh (1997)[99] suggested that the
Strouhal number for OBF should consider the orifl@meter instead.

®
;Do — D,

St =

(2.2.7)

Xow  TX,

Despite this suggestion, recent publications caomtito utilise the original
Strouhal number. For this reason, the original lbem(Equation 2.2.5) will be

considered in this work.

In summary, the oscillatory Reynolds number defities intensity of mixing
within a system and the Strouhal number determtime¢ength of eddy propagation, i.e.
how effective the system is at generating the ngixiartices. When a through flow is

present in the tube, then the original Reynoldslmemequation is also valid.

2.2.4 - Reactor Geometry

Understanding the geometry of any type of reacasisential in order to optimize the
mixing conditions for a maximum efficiency in terro§ heat and mass transfer. The
main geometric parameters that govern mixing inOBR are the baffle type, baffle

orifice size, baffle thickness and the baffle spgci A typical schematic of a set of

baffles is shown below in Figure 2.2.6.
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Figure 2.2.6 - Typical baffle schematic

Where Ty, is the baffle thickness (mDc the column diameter (mpD, the baffle

diameter (m)D, the orifice diameter (m) aridthe baffle spacing (m).

Baffle spacing plays an important role in vortexige&tion. For instance, if the
baffles were spaced very closely together this @aelsult in a scenario where the
vortices may never be generated or propagateddhrthe column. When the baffles
are spaced infinitely far apart it would resulttire eddies being dispersed within the

baffled cavity leading to poor mixing or stagnaggions within the OBR.

Zhanget al (1996) suggested that a baffle spacing of 1.%girthe column
diameter yielded the optimal mixing conditions ftre dispersion of oil-water
systems[104]. For mass transfer in an air-watstesy, Ni and Gao (1996) reported
that a spacing of 1.8 times the column diameter beiter[85]. Gouglet al (1997)
studied flow patterns and stated that an optimalingi was achieved with a baffle
spacing of up to two times the column diameter tadipvith an oscillation amplitude
of one quarter the baffle spacing[105]. & al (1998) performed a thorough
investigation into the effects of baffle geometngdaconcluded that for oscillatory fluid,
an optimal mixing was achieved with a baffle spga 1.8 column diameters. For the
case of oscillating baffles, a spacing of 2 columiameters was the optimal
spacing[106]. In these trials, a baffle thickne$2-3 mm was identified as optimal.
This was backed up with research into methylmetais suspensions (Mt al, 1998)

where a baffle thickness of 3 mm was identifiegiakling the best outcome[107].
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The investigation by Net al (1998) also probed the effect of the baffle fneea
ratio. In these trials, a free area ratio of 20922vas considered as the optimal value.
The baffle free area ratia, is defined by:

a=2 (2.2.8)

=2
WhereA; is the baffle orifice area (fhandA; the column cross-sectional aregm

Ni and Stevenson (1999) investigated the effeajayf size between the outer
diameter of the baffle and the wall of the colunmmixing time and reported that the
larger the gap size, the longer the system toakedch a state of thorough mixing, the
lower the axial dispersion coefficient and the leffigcient the OBR becomes[108]. It
can be taken for this thesis work that the gap isizeegligible, i.e. the baffles used are

tight fitted to the vessel.

An investigation by Niet al (2000) reported the effect of baffle geometry on
flow patterns in a much larger vessel than pre\noteported. For a 0.38 m diameter
column, the effect of baffle spacing and orificardeter on mixing was on the same
order of magnitude as seen with a bench scale OBfs is an interesting conclusion

as it reinforces that an OBR can yield a lineatesap[109].

Further to baffle geometry, the baffle type haodleen an area of investigation.
A number of baffle types have been studied inclgdannular doughnut baffles, disc
baffles, a combination of disc and annular bafflé§], as well as helical baffles. Disk
baffles were found to yield the poorest mixing kith higher shear forces. Helical
baffles yielded better mixing than disk baffleswewer, optimal mixing was obtained

through the use of annular baffles where the badex mixing was seen[15, 93, 94].

2.2.5 - Power consumption

An important factor in the design of any mixing apgtus is an understanding of the
power consumption of the device[111]. The powssigiation can be used as a guide
for how efficient a mixing method is and as a basisomparison between two different

mixing devices[21].

In order to establish the power consumption il©O&R, two main models can be
considered: the quasi-steady flow model and they edthancement model of power
density. The former was initially proposed by dealand Johnson (1955) who applied
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the power density to a pulsed plate column[11ZisTdea of a quasi-steady model has
since been applied to the OBR as described by M#ckl991)[113], Mackley and
Stonestreet (1994)[84] and Baird and Stonestre®@95){114]. The power density
(power per unit volume) can be defined by the @qoat

P _ 2pN (1-a” x3w3 (Wm™3) (2.2.9)
a

v 3mci \ a?

Wherep is the fluid density (kg ), N the number of baffles per unit length of reactor
(m?) andCp, a discharge coefficient for the orifice (normathken as 0.7[7, 115, 116],
although the value will depend on the baffle thieé® and: value[117]). « is the baffle

free area ratio, defined by the area of the orifiseded by the tube cross-sectional area.

Baird and Stonestreet (1995) suggested that thsi-gteady model was suited
for high amplitudes (in the region of 5-30 mm) dod/ frequencies (order of 0.5 — 2
Hz) oscillation[114, 118].

At higher oscillation frequencies (1 to 6 Hz, Beand Rama Rao, 1995; 3 to 14
Hz, Baird and Stonestreet, 1995) and lower ammsgudl to 5 mm, Baird and
Stonestreet, 1995; 1 to 10 mm Baird and Rama R@@5)1 the quasi-steady model
becomes ineffective at describing the power densiBaird and Stonestreet (1995)
proposed the eddy enhancement model, which isatehs:

P _ pw3x3l _3
;= 1.5 I (Wm™2) (2.2.10)

Wherel is the mixing length (m), which is in the same esr@f magnitude as the
column diameter. The challenge for this model wohbé the determination of the
mixing length. For this thesis, the oscillation daions fall into the remit of the quasi-

steady model of power density.

Investigations by Ni and Mackley (1993) anddtiial (2000) suggested that the
OBR yielded a much more energy efficient procesmteeen in a STR[109, 119].
Interestingly, an increase in scale did not calldo increase in power consumption, i.e.

the power density remained constant[109].
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2.3 - Model Compounds

As mentioned in Chapter 1, a hypothesis for thessith research is that the mixing
observed in an OBC could account for the difference product properties when
compared to a STC. Specifically the requiremensedding was not necessary in an
OBC whereas seeding in an STC was essential. der @0 gain some insight into this,
the nucleation mechanism must be further explasiede the knowledge of the origin
of the nuclei would allow for the realisation oktmechanism through which the nuclei
were created. The aim is to differentiate whettrenot the nuclei originated directly
from a seed crystal or other means and to link ea@nt with the possible mixing

mechanisms.

Daveyet al. (2001) used a retrospective method to probe theeenldr self-
assembly which occurred during crystal nucleatiBy.examining the polymorphism of
2,6-Dihydroxybenzoic acid, they discovered a dirdictk between the crystal
polymorphism and the molecular clusters that predetie nucleation event[120]. This
suggests the use of polymorphism as a potentidl filmoevaluating the nucleation

mechanism.

By using a similar approach, Ferrati al(2003) employed optical microscopy,
X-ray diffraction and FTIR analysis to follow thelstion mediated transformation of
metastabled glycine to the stable glycine[121]. According to the Ostwald’s rule of
stages[122]B glycine should be nucleated first, followed bynstormation to thex
polymorph. Ferraret al. (2003) pointed out that the rate of transformatiepended
greatly on process conditions such as stirringy(it@mpared a magnetic stirrer to an
overhead stirrer), cooling and, of relevance tos thivork, the nucleation

mechanism[121].

In the same paper, Ferrat al. (2003) cited the work of Yokotat al. (1999),
Garside and Davey (1980), and Dehial. (1999) which described another parameter
which influenced the transformation: process scdd#ferent transformation rates and
unexpected polymorphs were seen as scale incrddseti?3, 124]. This would
certainly be an interesting phenomenon to invesgigathe OBC; however this lies out

with the scope of this thesis work.

Towler et al. (2004) utilized polymorphism to investigate th#uence of pH on

the nucleation of glycine. By altering the pH, ythimund that the introduction of
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charged patrticles “poisoned” the system and indibrtucleation oé glycine. Instead,
the more stable, but less kinetically favouralplglycine was observed[125]. Studying
the product crystal polymorphism allowed retrospectietermination of the possible
nucleation mechanism. This again suggests glyamepolymorph analysis as suitable
tools to probe nucleation in the OBC where insteddpH, fluid mechanical

environment can be altered and the resulting potpinem recorded.

As well as using polymorphism as a tool to probe mlucleation mechanism,
much can also be learned by analysing crystal eraatphism. A suitable compound
would be the one wherein the solution phase display optical activity while the
crystalline solid does. The formation of a solitape can adopt either a left or right
handed screw-like configuration. The product algstan be isolated by filtration and
then analysed, the ratio of the left to right hahdeystals could then be studied in order

to relate to the origin of the nuclei.

There are a number of potential candidates coresides model compounds for

this work:

a) 1, 1'-binaphthyl

b) 4, 4'-dimethyl-chalcone
c) Magnesium sulphate
d) Sodium bromate

e) Sodium chlorate

Studies of 1, 1'-binaphthyl crystallization fromhet melt showed that
spontaneous nucleation in non-stirred conditiossited in a 50-50 split of left to right
handed crystals[126, 127]. Kondepwdial (1999) further evaluated this system and
reported that the act of stirring with a Teflonrreli bar resulted in breaking of chiral
symmetry and enantiomeric excess could reach ak bBg) 80 %. The excess
handedness was just as likely to be left or righmded as shown by the bimodal
probability  distribution[128]. However, 1,1'-binbfhyl requires operating
temperatures of greater than 158 °C in order tohreamolten state. Analysis of the
product crystals must also be performed within Grldo prevent interconversion of the
enantiomers when the products are dissolved indmnfor analysis[128]. Due to such

a complicated analytical procedure, this is natitable compound for this study.
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A similar scenario applied in solution crystaliom of 4, 4 —dimethyl-
chalcone, where Penzien and Schmidt (1969) repdtiat enantiomorphism was
observed in the crystal product[129]. Kondepeidal (2002) again demonstrated that
continuous stirring resulted in chiral symmetry dki@ag[130]. What is interesting
about Kondepudi’'s work is that continued stirrirgshresulted in enantiomeric excess of
a certain handedness of crystal. However, 4, diethyl-chalcone presents difficulties
in analysis where the product crystals must beteedawith bromine vapour prior to

analysis. This is again excluded from this work.

Sodium chlorate is a non-chiral substance, whichciystallization produces
crystalline solids that possess either a left gintrhanded enantiomorphism as shown in
Figure 2.1.22[73]. This material is ideal as iystallizes readily from water, is
inexpensive and readily available. Magnesium satipland sodium bromate are two
similar compounds. Magnesium sulphate would ymldstly left handed crystals if
spontaneous nucleation was allowed to occur. Tde af seeds, specifically right
handed seeds, would alter the ratio of left to tripanded crystals[131]. Sodium
bromate is readily crystallized from water and wheewed under initially crossed
polarisers, the handedness of the material isyedsilermined[132]. Because of the
configuration of the atoms within the 32space group, the orientation of the crystal
under the polarizer does not affect the directibwluch plane polarized light is rotated.
This makes analysis straightforward. On balanadiusn chlorate has been chosen for
this work because there is a lot benchmark datacdonparison, which is one of the

essential criteria.

Two such benchmarking studies were reported in 19¥2 Denk and
Botsaris[46, 47]. In studying the secondary nuabeaof sodium chlorate, they
reported that a supercooling of 3 °C at 350 RPMisY yielded a crop of product
crystals of 100 % right handedness (unfilled cslehen seeded with a single right
handed crystal as indicated below in Figure 2.3The equivalent outcome was seen
with a left handed crystal (filled circles). Thi®uld indicate that secondary nucleation
was dominating, i.e. nucleation was dependent seed crystal being introduced to the
solution. This also excluded primary nucleationtlas cause of product crystals at
supercoolings of less than 7 °C. Again from FigR1®.1, it can be seen that without
seeding and at supercoolings of greater than 7pfi@ary nucleation was observed

(filled triangles), a 50:50 mixture of left and hig handed product crystals were
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observed. This would suggest that if spontaneauprimary nucleation was occurring,

a mixture of both left and right handed crystalsigidoe expected.

E 100 40—0—8D—OW>—0——80———#————— O
In] i
g o
= |
g 80 l
g |
u
t='; _"_u____/
2 |60,
‘f; F e Fy
e A & A
3 Lo PURE, STIRRED SOLUTIONS
2 25 RPM 350 RPM
E ® LH SEED ® LH SEED
= O RH SEED © RH SEED
5 |20 100 RPM 350 RPM
= ® LHSEED A NO SEED
§ © RH SEED
a.
'S ] 2 2 : : 1 i ‘ . ]
3 o I 2 3 4 5 6 7 8 5 10
¢ SUPERCOOLING, °C

Figure 2.3.1 - Types of product crystals obtaimedtirred solutions[46]

Clearly sodium chlorate is such a useful compoundthat the ratio of
handedness in product crystals is closely linketth wucleation, the fundamental step in
crystallization. By performing similar trials imé OBC, it should be possible to gain

some insight into the nucleation mechanism whenhygrodynamic environment is

changed.
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Chapter 3 - Experimental setup and procedures

This chapter describes the setup of experimengahrapus and the procedures of both

experimental and analytical methods.

There are three types of batch crystallizer thateHhaeen studied: the STC; the
OBC | with oscillating baffles; and the OBC Il witscillating fluid. For the STC, both
a regular stirrer and the one that scrapes theslvessl are employed. For the OBC |
both tight and loose fitting baffles are investeght This gives five crystallizer

configurations to be examined.

3.1 - The stirred tank crystallizer — Un-scraped ($C )

Figure 3.1 shows the setup of the STC I. The STdnsisted of a jacketed round
bottom glass vessel with a volume of 500 mL. A BTachor type stirrer on a PTFE
coated stainless steel shaft was driven by the mamd the stirrer was 70 mm in
diameter, 15 mm in width, with a clearance of acbd® mm from the vessel floor.
With a volume of 500 mL, the height of the liquid the vessel is approximately 80
mm. The rotation was adjustable from 50 to aro28680 RPM. For the STC, the
surface area to volume ratio was calculated topipecximately equal to 71.25.
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Wall baftle orientation

Figure 3.1 - Image of the STC | setup (not to gcalkhe approximate flow patterns are
indicated by the dotted lines and the seed posftorthe seeded experimental work is

indicated by the black square
The power density of a stirred tank crystallizedegined by[133]:

P _ PopN*DZ

> v, (Wm?3) (3.1)

Where P/V is the power density (W 1), p the fluid density (1456 kg that 40
°C[134]), Ns the speed of the stirrer (rp$)s the diameter of the stirrer (0.07nV), the
volume of liquid in the STC (0.0005¥nandPo, the dimensionless power number of the
agitator which was estimated at 1 based on data Kagata (1975) [111].

For this STC, the power density can be approximbtethe equation:
p 3
- = 13.2N; I

For the STCs considered in this work, the sheas cain be determined using the

equation[135]:
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Wherey is the fluid shear rate 5 andKs is a constant related to the stirrer geometry.

In this work, Ks can be assumed to be equal to 3.2 [136].

3.2 - The stirred tank crystallizer — Scraped (STQl)

The scraped STC utilised the same apparatus asttie un-scraped STC. In order to
achieve scraping in the system, the anchor impelés simply lowered to rub against

the floor of the glass vessel as indicated in FegI2 below.

.

Figure 3.2 — Schematic setup of the STC Il (nosdale). The non-scraping impeller
(left) is lowered to touch the bottom of the cryistar (right) in order to achieve
scraping. The seed location is the same as iprthgous STC

For this STC, the power density can be approximbgethe equation:

P = 954N (3.6)

- =
3.3 - The oscillatory baffled crystallizer — tightfit baffles (OBC 1)

Figure 3.3 shows the setup of the OBC I. The OBgbrisisted of a jacketed glass
column of an internal diameter 50 mm and a heidghdapproximately 500 mm. This
allowed a working volume of 500 mL. The vessel wa&l in position by a stainless
steel flange. The baffles were oscillated in tlessel by means of a linear motor
(Copley Controls Corp.), which was held by an ahionn/plastic frame above the
OBC. Frequencies of 0-10 Hz and amplitudes of Ovs0 were possible. The baffle
string comprised of 4 PTFE baffles with an outeandeter of 48 mm, an orifice
diameter of 24 mm and a thickness of 3 mm. Thédsafvere spaced at 65 mm by
stainless steel spacers. For the scraped OBCildeddrere, the surface to volume ratio

was found to be approximately 127.38.
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Figure 3.3 - Schematic of the OBC | setup (notdales). The seed location is indicated
by the filled square in the side and top viewsh® left and right hand side of the Figure
respectively. For clarity, the flow pattern hasbemitted, however this can be seen

clearly in Figure 2.2.1

The power density of the OBC is estimated usinggihnesi steady flow model proposed
by Baird and Stonestreet (1995)[114]:

P 2pN, (1— a?
;= 37‘[C2 ( = >x§(2nf)3 (3.7)
D

WhereN, the number of baffles per unit length of OBC (B518%), Cp the discharge
coefficient of the baffles (taken as 0.X),the centre to peak amplitude of oscillation
(this is fixed at 0.0016 m throughout the invedia), f the oscillation frequency (Hz)
and « the baffle free area ratio (0.23 for this OBC)eTihee area ratiay is defined by

the area of the orifice divided by the tube crasstisnal area.

For this OBC, the power density can then be apprated by:
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P =187f3 (3.8)

- =
For an OBC, the shear (strain) rate is given byctienge of oscillatory velocity {& at

the gap according to:

=" (3.9)

Wherey is the fluid shear rate tsand D is the baffle diameter (m) [137].

3.4 - The Oscillatory baffled crystallizer — with taffle gap (OBC II)

Figure 3.4 shows the schematic setup of the OBCThe OBC Il utilised the same
setup as the OBC |, but the baffle diameter wasiged to remove the scraping action
seen with the previous vessel configuration. Taklds were 37 mm diameter and had
« = 0.87. Baffles were spaced 65 mm apist£ 15.38 nit). For the OBC with baffle

gap described here, the surface area to volunewats found to be 117.88.

Gap

Tight fit baflle Loose fit baffle

Figure 3.4 — The difference in baffle diameter kegwthe OBCI and OBCIIl. For each

crystallizer configuration, the seed location ieritical

For this OBC, the power density can be estimateohfr

= =22f° (3.6)

3.5 - The Oscillatory baffled crystallizer — Movingfluid (OBC IIl)

The setup of OBC lll is given in Figure 3.5. Agatihe OBC Il consisted of a jacketed
glass column of 40 mm diameter. The PTFE baffeed 4n outer diameter of 37 mm,
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an internal diameter of 17 mm= 0.21) and a thickness of 3 mm. The baffles were
spaced at 65 mm by stainless steel spaddss=(15.38 n1) and remained stationary
during operation. A rotary motor drove a bellowstwat the base of the column; the
speed of the motor controlled the frequency ofllzgmn, and the amplitude could be
adjusted by altering the cam position on the motaX. nitrile rubber sheath was
sandwiched between the PTFE bellows and the jatletieimn. For the moving fluid

OBC, a surface to volume ratio of 136.47 was caledl.

40mni NRIES

Stationary
baffles \

65mm

Control
unit

motor _
bellows

Figure 3.5 - Schematic of the moving fluid OBC gefnot to scale, dimensions given

in mm). As with the previous schematics, the sleedtion is indicated here by the

filled black square. Similarly to the moving bafflDBC, the flow pattern can be seen in
Figure 2.2.1
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By setting the operating amplitude of 0.0075 m, gbever density of this OBC can be

estimated from:
P = 175.613
Vo 6f

3.6 - Measurement tools

Heating and chilling were provided to the crystais by the use of a Grant GP200R2
heater/chiller. The jacket fluid was water. Tenapere was monitored by using

stainless steel T-Type thermocouples and a 4 chéameerature display.

For the primary nucleation work, the temperature tire solution turbidity was
measured using a HEL Crystaleyes turbidity systeamsisting of a stainless steel
PT100 temperature probe and stainless steel ttybmtobe fitted with a hastelloy
mirror. The probes were connected to a control, kdxch was interfaced to a PC for
the collection of raw data. The turbidity systelowas for a real time monitoring and
data logging during the course of a cooling cryizi@ion and yields a typical graph of

turbidity and temperature vs. time as illustrateérigure 3.6 below:

Temperature Turbidity

Nucleation

Figure 3.6 — Turbidity (blue line) and temperat(re=l line) vs. time as displayed on the
interface screen on the HEL Crystaleyes turbidysteam. The onset of nucleation is

evident by an increase in both solution turbiditgd &emperature

From the example in Figure 3.6 above, the nuclegpioint is clearly visible on the
trend lines, where a clear spike in both tempeeaturd turbidity can be seen. Using

this indication of the onset of nucleation wouldoal the determination of the
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metastable zone width and in turn the nucleatioretits of a given process to be

determined.

Further to the turbidity system, the primary natien experiments were also
monitored by FTIR spectrophotometry. The soluecentration was measured in each
device using a Shimadzu IR-Prestige 21 via a prokerted into the crystallizing
solution during the experiment. The detector systeas cooled with liquid nitrogen.
For sodium chlorate, the spectrum shown in Figufewaas collected, and the peak of
particular interest in this case lies between &%) 5100 crit. The height of this peak,
in terms of absorbance, was recorded with timecamdbe considered as being directly
proportional to the solute concentration. It isportant to note that, due to time
constraints, the device was used un-calibrated genaral guide to any change in the
solute concentration with time in both the STC @RIC. Prior to each experiment, the
air background was subtracted from the sample spactia the built in function of the
Shimadzu FTIR software.
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Figure 3.7 — The FTIR trace for sodium chlorate

Polarimetry was used to determine the handednesBeoproduct crystals as

shown in Figure 3.8.
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Figure 3.8 - Schematic setup of polarimeter

The light source was powered on and the secoratipet rotated such that the
indicator on the mount was indicating a rotation G3f when minimum light was
detectable at the view point. This correspondethéopolarizers being crossed. The
crystals to be analysed were placed on the slidehaid above the first polarizer. All
of the crystals appeared a transparent, pale ldleaic Rotating the second polarizer
clockwise revealed the right handed crystals ak lliaie/orange coloured whilst the left
handed crystals remained pale blue. The left agiit handed crystals can then be
separated into separate beakers for weighing. %$atsp was used in all of the

experimental work performed.

One problem found with the original setup was ttie light source was too
small, resulting in a very small bright circle ajht and affecting the analysis. In order
to remedy this, a LED array was constructed, witte nwhite LEDs soldered in parallel

onto a copper strip board. This proved to be é&ffec
3.7 - Reagents

The laboratory grade sodium chlorate used for #peements was sourced from Fisher
Scientific UK (99+ % purity). This is termed asetliresh material in the later
discussions. For some experiments, recycled sodibllorate from previous mother

liguors was also used. To obtain the recycled natehe mother liquor of the seeded
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trials was collected and evaporated to increasedneentration of sodium chlorate in
the solution; the concentrated solution was thesledh filtered and dried to give what
is referred to as “the recycled starting matenalthe later sections. Recycling mother
liquor has become a common technique for not onbeting “green chemistry”
requirements, but also achieving the maximum péssiteld from a crystallization
process[138]. Distilled water was used in all expents, which had been filtered
using a Whatman glass fibre filter (Grade GF/C, mainpore size 1.2 um). By using
data from Denk’s thesis[134] (taken from solubildgta published by Seidell[139]),
the mass of sodium chlorate required to prepanerated solutions at our operating
conditions are shown in Table 3.1. Note that tbkikslity data was also verified
experimentally and detailed in Chapter 4.

Table 3.1 - Supersaturation values from Denk/SEicg, 139]

Tsat(°C) C (g NaClOy/100 p(kgm3) Mass NaClO; Volume H,O
mL sat. sol.) (9) (mL)

31 73.79 1435 369 349

In some of the later research, a second methodabérmal recycling was employed.
Mother liquor from the previous trials was placedai rotary evaporator and all of the
water removed. The resulting dry powder shouldehawsimilar purity profile to the

original starting material as no mother liquor rémed to be filtered from the solids.
Appendix D shows the qualitative analysis of theéhtypes of starting material.

3.8 - Seeds

Seeds were prepared by naturally cooling a quie¢smahium chlorate solution in a 250
mL conical flask. Sodium chlorate and water wagediin the sealed flask which was
immersed in a water bath at 30 °C. Once the nadtbad dissolved, the flask was
removed and allowed to cool to room temperaturéerAeaving the solution overnight,
the crystals were extracted by filtration using acBner funnel and filter paper
(Whatman Grade 1). The crystals were immediatelghed with 20 mL of cold water
to remove any traces of mother liquor and thenddoietween filter papers. These were

the seed crystals used for these trials.

The handedness of the seed crystals were deterrbyegublarimetry prior to

experiments. An example is depicted in Figure &Ben the polarizers were initially
50



crossed, all of the dried crystals are transpavetit pale blue colour (Figure 3.9a).
Rotating the second polarizer clockwise revealesl tight handed (dextrorotatory)
crystals as dark blue (Figure 3.9b), with furthetation the crystals became orange

(Figure 3.9¢c). The left handed (levorotatory) tajsremained pale blue.

A} &Y

Figure 3.9 - Determination of seed handednessit@liy crossed polarizers b) second

polarizer rotated clockwise c) further rotatingaed polarizer clockwise
3.9 - Experimental procedure

The trials are conducted at a constant set of pgocenditions, such as supersaturation,
concentration, cooling, etc. while only varying thexing mechanism. This would
allow comparison between the two types of crystafliand gain some insights as to

why seeding was not required in the OBC.

For this research work, both seeded and non-seagis@llization of sodium are
investigated. The general experimental procedwelved weighing out the required
amounts of reagent within each crystallizer (valire§able 3.1). The solution was
cured at either 40 °C (for seeded experiments)0ot@ (for non-seeded experiments)
for one hour under the experimental agitation ctoowk to ensure that all solid particles
had dissolved. After dissolution, the solution Vitered using a Whatman glass fibre
filter to remove any foreign particles. The sadatiwas then cooled to the required
supersaturation under controlled conditions. Rergeeded crystallization experiments,
the solution was cooled at a rate of(/minute until the solution was at the seeding
temperature of 30C. For the primary nucleation experiments, fowlicw rates of 0.4,
0.2, 0.1, and 0.04C/minute were investigated. Details of this wil given in Chapter
9.

In experiments where seeding was implemented, glesgeed crystal of known
handedness was washed with cold distilled wateorbebeing suspended in the

crystallizing solution by means of a wire for thmaénutes. The seed crystal was then
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removed from the solution and the agitation stopfedllow the product crystals to
grow overnight to form larger crystals (this aias analysis and counting). In the
experiments where no agitation was applied, theatgin was stopped prior to seeding.
Product crystals were collected and quickly waswétd 20 mL of cold HPLC grade
water and dried on filter paper. Analysis of thwgstals was performed using the
polarimeter described in Figure 3.8. The left aight handed crystals were then
separated and weighed. Each experiment was repadtether two times in order to
determine the margin of error within the data. Hpparatus was thoroughly cleaned

between trials using detergent and three rinséswivater at around 60 °C.

Experimental data, i.e. the similarity to the seegstal for the seeded trials or
the enantiomeric excess for the primary nucleati@bs, are recorded using Microsoft
Excel. Statistical analysis of the data was pentat in MatLab using the Kruskal-
Walllis test. Analysis of the data using either ®nits T-test or a 2-way analysis of
variance (ANOVA) method was considered but rejealad to the requirement of a
normal distribution of data, while the results abakhibit either 0 and 100 % similarity
to the seed crystal. The Kruskal-Wallis test reesothe need for the data to be
normally distributed and provides a valid methodstdtistical analysis. It returns a
probability (P value) of the difference between taomore data sets occurring by
chance. A low P value would indicate a low probgbof the results being due to
chance. In this work, a P value of less than @s0fonsidered as being indicative of a
statistically significant difference between twdssef data. A value of P greater than
0.05 does not necessarily indicate that two datae the same, but it is unlikely that

the difference between two sets of data would geifscant.
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Chapter 4 — Experimental preparation

Prior to a thorough experimental programme beingdeuiaken, a number of important
experimental calibration and preparations were gotatl, including establishment of
operational protocols and verification of the exigtsolubility data. As seen in Chapter
2, solute solubility is one of the most importardrgmeters to consider when
investigating crystallization. Confidence that tirgstallizer is being operated with the
correct solute concentration is critical, ensuring correct solute concentration for the

seed and minimizing any errors during experiments.

4.1 — Solubility of sodium chlorate

Verification of the solubility of sodium chlorateas performed in the laboratory and
compared to existing literature data [39, 134].luBons were made up with a fixed
mass of water, 300 g, at 10, 20, 30, 40 and 50e¥pactively. Excess amounts of
sodium chlorate (based on literature data) wereeédd each vessel and the systems
sealed to prevent any evaporation of water. Thatieas were agitated overnight at a
fixed temperature. The solutions were filterestlygh a Whatman Grade 1 filter paper
and any remaining sodium chlorate collected andylexi. The sodium chlorate was
initially air dried on the filter paper, before hgi oven dried overnight. The mass of

sodium chlorate undissolved in the solution wasmed after loss on drying ceased.

The solubility test was repeated, giving four satsolubility data as shown in Table
4.1. It can be seen that the obtained solubibttaanatch well with the literature values

at all temperatures. The solubility of sodium chte is now verified.

Table 4.1 — The concentration of sodium chlorat®a@lO3/gH20) at certain

temperatures.
Temperature Callahanl Callahan2 Denk [134] Chen [39
10 0.887 0.846 0.88 0.85
20 0.9645 0.93 0.96 0.94
30 1.0545 1 1.05 1.03
40 1.0885 1.091 1.15 1.12
50 1.18 1.179 1.25 1.21
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The data from Table 4.2 was amalgamated and plottddatLab. The best fit model
was determined to be a linear plot as shown bydtr& red line in Figure 4.1. The
degree of uncertainty in the data at a 95 % con@iddevel was also computed within
MatLab. The pale pink lines running parallel toethark red line indicate the

uncertainty in the solution concentration at e&chgerature.

1.25F T T T T T T

O callahan 1
X Callahan 2
4+ Denk
Chen
1.15F | wessm Model +
Pred bnds (Model)

Concentration (g NaCIO3/gH20)

10 15 20 25 30 35 40 45 50
Temperature °C

Figure 4.1 — The plot of sodium chlorate concerdravs. temperature from four sets of
experimental data. The red line indicates the rhaded in this investigation and the
pink lines indicate the error, or uncertainty o tbolute concentration, and subsequent
supersaturation.

Linear model Polynomial:

f(x) = p1*x + p2

Coefficients (with 95% confidence bounds):
pl= 0.008417 (0.008068, 0.008767)
p2=  0.7805 (0.7689, 0.7921)
Goodness of fit:

R-square: 0.9995; RMSE: 0.003476
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Based on the plot of the data in Figure 4.1, tHalslity of sodium chlorate in water

can be defined by the equation:
¢ = 0.008417 T + 0.7805 (4.1)

For example, a solution saturated at 40 °C woulk hea concentration of 1.117 g/g.
Based on the root mean square error, the concemntrabuld have an uncertainty of +
0.003476 g/g, or £ 0.31 %. This equation is usedughout this work and based on the
confidence level of 95 %, will give an acceptallest in the values of supersaturation

determined later.
4.2 — Experimental problems and solutions

In order to determine the suitability of the expeental procedure for this investigation,
two experiments were performed, one in the OBC @mel in the STC as outlined in
Chapter 3. A single crystal of a known handedwess used as the seed as described
earlier. Both crystallizers were operated undarilar power density conditions and
with identical solutions. The experiment was reépdahree times in each vessel to
ensure the reproducibility of the results and ribleustness of the procedure. For the
STC, the experiment seemed to behave as expeatbdhe product crystals having the

same handedness as the seed as shown in Tablelew2 b

Table 4.2 — The mass of the left and right handmtiusn chlorate crystals obtained
from the initial STC experiments at a stirrer spee87 RPM. The power dissipation is

approximately 12 Wil and the shear rate is around’3 s

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Right 1 8.9 0 8.9 100
2 14 0 1.4 100
3 4.3 0 4.3 100

The mass of the crystals obtained is to be expdudsdd on the supercooling
used (1 °C). It is interesting to note that all tbe crystals were of the same
enantiomorphism as the seed crystal, perhaps gasngpdication as to the nucleation
mechanism present in the STC. It would seem tHabtfathe product crystals are
generated directly from the seed crystal. Thiddbe due to dendrite growth, followed
by breakage on the seed crystal.
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The same experiment was performed with the OBC ted results were
presented in Table 4.3. There are two notableufeat here: the mass and the
percentage similarity to the seed are differentnftbose in the STC (Table 4.2 above).

Table 4.3 — The mass of the left and right handmtiusn chlorate crystals obtained
from the initial OBC experiments at a frequencyaf Hz and an amplitude of 30 mm.
The power dissipation is approximately 12 Wand the shear rate is roughly 0.25 s

Seed type Trial Mass Mass Totalmass  Percentage of products
right (g) left (g) (9) with same handedness as
seed (%)
Right 1 22.5 3.0 25.5 88
2 28.2 1.4 29.6 95
3 30.4 1.5 31.9 95

Contrary to the STC data in Table 4.2, the mae$esystals obtained in Table
4.3 are some 10 times greater than the expectesl lbagsd on the supersaturation of the
solution at the time of seeding. This was ideadifidue to the bottom section of the
OBC being unjacketed. This could effectively axtacold spot, where after leaving the
vessel overnight to allow crystal growth, the jacle@nperature was held at 30 °C but
the cold spot was recorded at 23 °C. This 7 degdisrence corresponds to a
supercooling of 8 °C. It is important to note tlagt soon as the seeding process had
finished; agitation was stopped, essentially yrada stagnant solution. According to
data presented by Denk and Botsaris (1972) [46fpumtaneous nucleation was seen at

8 °C supercooling. This phenomenon was not obdewveil 10 °C supercooling as

indicated by the triangles in Figure 4.2 below.
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Figure 4.2 — Types of product crystals obtainegure, stagnant solutions [46]
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It became apparent that after agitation has stqgpechuclei sank to the bottom
of the OBC. The increased yield in the OBC wasdhect result of the decrease in
temperature in the cold spot.

When the bottom of the OBC was immersed in a wadth at 30 °C overnight

(Figure 4.3), the crystal mass from the experimewse within the expected range
(Table 4.4).
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Figure 4.3 — Temperature of cold spot during gropghiod for a partially immersed
OBC

Table 4.4 — The mass of the left and right handmtiusn chlorate crystals obtained

from the immersed OBC experiments at a frequendy.4fHz and an amplitude of 30
mm

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Right 1 8.1 0.6 8.7 93.10
2 5.4 0.4 5.8 93.10
3 2.6 0.1 2.7 96.30

The important note here is that the percentagelasityi to the seed crystal
remains largely unchanged with and without the sgdt present in the system. This

confirms that the cold spot only influenced crygedwth, and therefore product yield,
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and had no impact on the product crystal handedmesscleation mechanism. More

tests were undertaken in the STC as shown in Tdbtesand 4.6.

Table 4.5 — The mass of the left and right handmtiusn chlorate crystals obtained
from the STC trials at a stirring speed of 160 RPdjresponding to a power
dissipation of approximately 180 Whand a shear rate of about 85 s

Seed type Trial Mass Mass Totalmass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0.762 9.427 10.189 92.5
2 0.627 10.956 11.583 94.8
3 0.107 10.196 10.303 99.0

Average similarity — 95.53 % S.D. — 2.53

Table 4.6 — The mass of the left and right handmtiusn chlorate crystals obtained
from the STC trials at a stirring speed of 260 RPdjresponding to a power
dissipation of approximately 776 Whand a shear rate of around 13’8 s

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0.063 4.58 4.643 98.6
2 0.591 7.848 8.439 93.0
3 2.247 5777 8.024 72.0

Average similarity — 92.02 % S.D — 10.81

The initial results suggest that a higher mixinge needuces the similarity of the
product crystals to the seed crystal. Furthermbeze is a marked increase in the
standard deviation at higher mixing. This was tbtm be caused by the vortex in the

STC when no baffles were present as shown in Fidudre
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Figure 4.4 — Vortexing in the STC at 58 RPM (a)p RPM (b) and 232 RPM (c)

When baffles were placed in the STC [140], the exirtg was drastically
improved as shown in Figure 4.5 and consistentwate then obtained (Tables 4.7 and
4.8).

Figure 4.5 — Vortexing in the baffled STC at 58 RiPA), 145 RPM (b) and 232 RPM
(©)
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Table 4.7 — The mass of the left and right handmtiusn chlorate crystals obtained
from the STC trials at a stirring speed of 160 RPdjresponding to a power
dissipation of approximately 180 Win The shear rate was roughly 85 s

Seed type Trial Mass Mass Total mass Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0 7.817 7.817 100
2 0 0.398 0.398 100
3 0 9.866 9.866 100

Average similarity — 100 % S.D. -0

Table 4.8 — The mass of the left and right handmtiusn chlorate crystals obtained
from the STC fitted with baffles at a stirring sgeef 260 RPM, corresponding to a

power dissipation of approximately 776 WmThe shear rate was roughly 138 s

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0 6.465 6.465 100
2 0 8.366 8.366 100
3 0 10.316 10.316 100

Average similarity — 100 % S.D. - 0

4.3 — Conclusions

In this chapter, the experimental setup and praeedias tested to ensure consistent
temperature and fluid mechanical conditions in eag@paratus as well as highly

reproducible data and robust experimental procedure
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Chapter 5 — Influence of crystallizer type on nuclation mechanism

This chapter presents the results and discussitimeoéffect of crystallizer type on the
nucleation mechanism. The content of this Chaptlargely based on the Publication 1

from the author’s list given at the start of thedis.
5.1 - Introduction

Two relevant investigations into nucleation meckanivere reported in 1972 by Denk
and Botsaris[46, 47], where at a supercooling®fC and 350 RPM stirring, a crop of
product crystals had 100 % right handedness whedesewith a single right handed
crystal (unfilled circles in Figure 2.3.1). Theugenlent outcome was reported for
seeding with a left handed crystal. This wouldigate that secondary nucleation took
place due to either dendrite coarsening or colisiceeding within the crystallizer, i.e.
the entire product crystals originated directlynfrthe seed crystal. Again from Figure
2.3.1, it can be seen that without seeding andgdieh supercoolings of greater than 7
°C, primary nucleation was observed. This was shfsteam a mixture of 50:50 left and
right handed product crystals obtained (filled ngkes in Figure 2.3.1). This would
suggest that if spontaneous nucleation was ocgyrarmixture of both left and right
handed crystals would be the evidence. This outcanas also supported by Margeh
al. (1996)[141].

Qian and Botsaris (1997)[48] cited the work of Su@®73)[54], which
suggested that fluid shear had an effect on thdystmn of secondary nuclei. This
phenomenon was also supported by Eweinal (1974) who discussed that although
crystal-crystallizer collisions and crystal-crystallisions accounted for around 75% of
the nucleation within an agitated crystallizer, tleenaining 25 % of nucleation was
controlled, speculatively, by fluid shear[142]. &y Shamlowet al (1990) showed how
secondary nucleation of potassium sulphate crystal&l occur due to “fluid-dynamic-
induced breeding’[143]. A more recent investigatioy Lianget al. (2004) on the
crystallization of L-glutamic acid also highlightede dependence of nucleation on
crystallizer hydrodynamics[144]. What can be I¢&mom these previous studies is that
by studying the product crystal handedness, it ddwg possible to probe into the
nucleation mechanism when the hydrodynamic enviemims changed in different

crystallizers, provided that other process condgjo such as supersaturation,
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temperature, mixing intensity, etc. are constanfhis is the strategy for this

investigative work.
5.2 — Conditions to be studied

Each crystallizer was filled with 500 mL of aque@aslium chlorate solution saturated
at 31 °C. This corresponded to 369 g Nagd@r 349 mL HO which was held at 40 °C

for one hour as per the procedure outlined in Ghratsection 9.1.
The mixing conditions studied are shown in Table 5.

Table 5.1 — Mixing conditions for the STC and OBThe STC would have a shear rate

of approximately 3.5 whilst the OBC would have a value of around 0'3 s

Ns (RPM) f (Hz) Xo (MmMm) P/V (W m™)
STC 65 -- - 12
OBC - 0.4 32 12

5.3 — Benchmark testing

Before presenting the main results, a number ofclmark experiments were
performed where no mixing at all was applied to ¢hestallizers. This was to verify
the hypothesis that it was the mixing mechanism Kizal an effect on the secondary
nucleation. The first set of benchmark tests wayeducted with seeds, but in the

absence of mixing.

When no mixing was applied before, during and after seeding, it was seen
that all product crystals bore the same handediesise seed crystal in all experiments
for both the OBC and STC. This indicates that sdaoy nucleation was the only
mechanism in these tests and implies that primamteation did not take place. If
primary nucleation had occurred, a mixture of &fd right handed crystals would have
been observed as primary nucleation yields botldédproduct crystals as shown by
the triangles in the Figure 2.3.1 presented eardied some recent work presented by
Vogl (2011) [145].

In order to further verify that no spontaneous eatibn could occur as a result
of surface phenomena, the second set of benchmpsgtiments were conducted in the

same manner as the first set, except no seedsusede Only a blank wire that is used
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to suspend the seed was suspended in the solotighrée minutes. The crystallizers
containing the supersaturated solutions were lefrraght and it was found that no
crystals can be seen in either system indicatiagttie possibility of entraining foreign
particles to initiate heterogeneous primary nuad@atvas not possible and that seeds
were the only necessary means to cause nucleatiooth systems. The same outcome

was observed three times in each system.

5.4 — Results and discussion — OBC I vs. STC

Following on from these benchmark experiments, ngxwvith identical power density
was applied to the two systems (see Table 5.1)ble§a5.2 and 5.3 display the

outcomes.

Table 5.2 — The mass of left and right handed atysbbtained and the resulting
percentage similarity to a seed crystal for thelrmaterial in the OBC. The OBC was
operated with a frequency of 0.4 Hz and an amp@itofd32 mm

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0.4 6.3 6.7 94.0
2 0.6 9.1 9.7 94.0
3 0.3 5.6 5.9 95.0
Right 1 8.1 0.6 8.7 93.1
2 5.4 0.4 5.8 93.1
3 2.6 0.1 2.7 96.3

Average similarity — 94.25 % S.D. — 1.23

Table 5.3 - The mass of left and right handed aftgsbbtained and the resulting
percentage similarity to a seed crystal for theHreaterial in the STC. The STC was

operated at a stirrer speed of 65 RPM

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0 15.9 15.9 100
2 0 0.9 0.9 100
3 0 5.7 5.7 100
Right 1 14 0 1.4 100
2 4.3 0 4.3 100
3 8.9 0 8.9 100

Average similarity — 100 % S.D.-0
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From the results of three repeated runs, it isrcteat under the conditions
studied in this work, the STC consistently gavedpist crystals with 100 % similarity
to the seed handedness. On the other hand, thew@BG@Ilways< 96 %. As all of the
product crystals from the STC bear the same hardsdas the seed, it would appear
that the nucleation mechanism was exclusively sgamgn In the OBC, the secondary
nucleation was still a dominant feature, but sowm of primary nucleation must have
occurred in order to have the product crystals Withopposite handedness to the seed.
This is a very interesting finding as it impliesattthe OBC could possess a means of
creating primary nucleation without the need foreaternal stimulus such as ultrasonic
[146] or laser [55]. Before examining how this lbbe possible, further tests were
carried out to confirm the findings using some obegt material. In this investigation,
the sodium chlorate was recovered from the prevexyeriments’ mother liquors using
a combination of evaporation and cooling to obifilterable crop of crystals. The
crystals were dried and used in the place of theéemah purchased from Fisher
Scientific. Further details of this material cae bund in Appendix C and the

following data was collected (Tables 5.4 and 5.5).

Table 5.4. - The mass of left and right handed tatysobtained and the resulting
percentage similarity to a seed crystal for theeksxl material in the OBC. The OBC
was operated with a frequency of 0.4 Hz, and witlamplitude of 32 mm

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0.4 7.2 7.6 94.7
2 0.4 6.3 6.7 94.0
3 1.3 6.9 8.2 84.1
Right 1 0.8 0.1 0.9 88.9
2 6.9 0.2 7.1 97.2
3 4.8 1.4 6.2 77.4

Average similarity — 89.38 % S.D. — 7.51
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Table 5.5 - The mass of left and right handed aftgsbbtained and the resulting
percentage similarity to a seed crystal for theyeksel material in the STC. The STC
was mixed using a stirrer speed of 65 RPM

Seed type Trial Mass Mass Total mass Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0 0.3 0.3 100
2 0 0.5 0.5 100
3 0 0.4 0.4 100
Right 1 1.0 0 1.0 100
2 0.5 0 0.5 100
3 14 0 14 100

Average similarity — 100 % S.D.-0

The results are clear that the STC produced ce/stdhvays of the same
handedness as the seed while the OBC didn’t, \Wwahsimilarity to the seed being less
with the recycled material (87.8 £ 9.9 %) than thth the fresh material (94.2 +1.8
%). This indicates that the recycled material psted more primary nucleation under
the same conditions, a phenomenon was also obseratker crystallization processes
[147]. Intuitively speaking, together with the UXis analysis, the recycled material
(produced by a re-crystallization process) hasrata8 % fewer impurities in it than
the fresh material of the identical compound. HReingurities would correspond to
fewer opportunities for secondary nucleation antuim, for more primary nucleation.
However, deeper explanations on this are yet tfobed. Nevertheless, the repeated

data served the purpose of validating the findings.

So what has caused the primary nucleation in th€E®H here are a number of
possibilities, e.g. microcrystalline dusts or theywthe mixing is generated. A
microcrystalline dust on the seed crystal couldohice either a seed of opposite
handedness to that intended or by chance, a hetezogs foreign body through which
a crystal of opposite handedness to the seed e@mgddar. This seems highly unlikely
as not only was the single seed crystal thoroughised with distilled water prior to
use, but this effect would have been seen in bwhSITC and OBC, not exclusively in
the OBC.
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5.5 — Results and discussion — OBC with gap vs. 8ped STC

On the examination of the way mixing is achievedha two systems, i.e. stirring vs.
oscillating, one unique feature in the OBC stanals dhe likely scraping action on the
wall of the column when the baffles are moving umal @own the liquid phase. This
interaction could cause sufficient friction to imdu primary nucleation which has
resulted in the mixture of left and right handegstals in the product. Could the

scraping action be the culprit for the primary mation?

In order to test this hypothesis, the STC and @B redesigned on purpose in
that the stirrer in the STC was positioned to cabsescraping effect. Meanwhile, the
baffle diameter is smaller than the tube diametsugng that the scraping effect would
be eliminated in the OBC. If the hypothesis isrect, then the reverse results would
prevail, i.e. 100 % of the product crystals frone t®OBC would bear the seed
handedness whilst less than 100 % similarity tosted would be seen in the STC. The

results are now shown in Tables 5.6 and 5.7.

Table 5.6. - The mass of left and right handedtatysand the associated percentage
similarity to the seed for the fresh material ire toBC with gap. The OBC was
operated at a frequency of 0.8 Hz and an ampliaid#2 mm. In this case, the shear

rate would be approximately equal to 0.65 s

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as

seed (%)

Left 1 0.23 3.84 4.07 94.0

2 0 3.95 3.95 100.0

3 0 4.15 4.15 100.0

Right 1 2.49 0.01 2.5 99.6

2 4.39 0 4.39 100.0

3 4.73 0.07 4.8 98.5

Average similarity — 98.68 % S.D. — 2.37
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Table 5.7 - The mass of left and right handed atysand the associated percentage

similarity to the seed for the fresh material ie g8traped STC. The STC was stirred at

a rate of 65 RPM

Seed type Trial Mass Mass Total mass Percentage of products
right (g) left () (9) with same handedness as

seed (%)

Left 1 0.01 0.4 0.41 97.6

2 0 5.9 5.9 100.0

3 0 1 1 100.0

Right 1 0.2 0.01 0.21 95.2
2 0.5 0.01 0.51 98.0

3 5.1 0 5.1 100.0

Average similarity — 98.47 % S.D. — 1.93

From the above data, it can be seen that on tmedunttion of the scraping
stirrer to the STC, there are now instances whaeeptoduct crystals display less than
100 % similarity to the seed crystal (trials 1 &dh Table 5.6, trial 1 in Table 5.7),
although there are still a few cases where a cdmginilarity to the seed has been

maintained.

For the OBC where there was a gap between theshbeffll the tube, the results
did show a shift in similarity to seed towards tH@0 % level, as seen with the un-
scraped STC tests performed earlier. These indaéh are encouraging. In order to
further reinforce the outcomes, the experimentsewagain repeated utilising the

recycled starting material. The results from thes¢s are shown in Tables 5.8 and 5.9.
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Table 5.8. - The mass of left and right handedtatysand the associated percentage
similarity to the seed for the recycled materialtie OBC with gap. The OBC was
mixed at a frequency of 0.4 Hz and with an ampétoefl 32 mm. In this case, the shear

rate would be approximately equal to 0.65 s

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 0.1 2.0 2.1 95.3
2 0.1 3.9 4.0 99.1
3 0.1 2.1 2.2 95.0
Right 1 1.2 0.4 1.6 75.0
2 3.4 0.5 3.9 87.2
3 0.5 0.1 0.6 83.3

Average similarity — 89.15 % S.D. — 9.05

Table 5.9- The mass of left and right handed clystad the associated percentage
similarity to the seed for the recycled materialtie scraped STC. The STC was
agitated at a rate of 65 RPM

Seed type Trial Mass Mass Total mass  Percentage of products
right (g) left () (9) with same handedness as
seed (%)
Left 1 <0.1 0.5 <0.6 94.6
2 0.6 3.7 4.3 86.1
3 0.5 0.9 1.4 67.6
Right 1 0.1 <0.1 <0.2 71.5
2 0.2 <0.1 <0.3 83.0
3 2.0 0.2 2.2 90.8

Average similarity — 82.27 % S.D. — 10.69

The results partially verify the hypothesis, i.eisi the scraping action in the
OBC that was the means of generating the primacieation. It should be noted that it
was difficult to source a stirrer that would gerteran even scraping effect on the
internal wall of the STC due to the uneven cunatuilhis may explain the smaller
percentage shift than compared to the original QB&Is. In addition, increasing the
gap between the baffles and the vessel wall ilQBE effectively reduced the overall

mixing [108], this may explain why a full 100 % slarity was not achieved.
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The data presented here is complementary to thentremork of Qian and
Botsaris (2004). They investigated the effectha morphology of the seed crystal on
the observed nucleation mechanism. Using theipgsed embryo coagulation
secondary nucleation (ECSN) model, where embryodsotti handedness can exist in
the boundary layer of the seed crystal[48], thayntbthat the percentage of the product
crystals with the same handedness as the seedighig $ensitive to the crystal surface
of the seed as well as depending on the supergpoliney concluded that the degree of
supercooling required to switch from conventionacandary nucleation, i.e. by
attrition, to the ECSN model was dependant on #eel preparation method[49]. While
Qian and Botsaris studied the seeded crystallizaifcsodium chlorate with regards to
the seed preparation and supercooling, this stualy investigated the effect of
hydrodynamic environment of crystallizers on thgstal similarity and observed a

change in the nucleation mechanism.

The final set of three experiments that were peréat involved no seeds, but
kept the agitation running overnight in both STCda@BC. This is to further
consolidate the findings. After agitating overrtigit 30 °C, the STC had no product
crystals present as would be expected. In the Omfwever, it was clear that
nucleation had occurred; crystals were presertiersystem. In one instance out of the
three, the OBC had not nucleated overnight; insteadcurred after two days. At such
a low supercooling and the fairly gentle mixingsthesult was reasonable. In addition,
any primary nucleation would occur much more slowign if seeds were used to
initiate nucleation as described in Chapter 2,the.seed crystal would act as a nuclei

surface, effectively reducing the critical radiuzesto zero.

Analysis of the crystals’ handedness revealedttieat existed a combination of
left and right handed crystals although the actuentification was difficult and time
consuming due to the small size of the crystalsaiobtd. This result once again
supports the hypothesis that the scraping is theecaf nucleation in the OBC, however

some consideration must be made to the exact mischamvolved.

From the benchmark testing performed initially,uzleation was seen in either
system when the regular seed procedure was follolgdwith no seed crystal present
on the wire. Repeating this, but allowing agitatim continue as per the primary

nucleation test performed here, resulted in prodwgdtals only in the OBC. Why the
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scraping action of the OBC allowed nucleation rereaomewhat unclear, but some

speculative hypotheses can be formed:

e The hydrodynamic environment in the high sheariegian that is
scraped may be responsible. There may be a medaijp between the
fluid hydrodynamic environment and the pre-nuclatembryos that
may be present in the solution.

* The STC has a higher average shear rate than tike @Bshown in the
Tables given above. This shear rate does not densie local shearing
environment at the point of contact between thdldafdge and the
vessel wall. Perhaps this region of extreme sl'earmore important a
consideration that that of the bulk shear rate, ctvhis normally
considered.

« The motion of the baffle against the glass may igle@\a tribological
effect that may result in nano sized particles gpesheared from the
baffle edge into the bulk solution. These may atheterogeneous
nuclei and thus explain why the OBC nucleated wiile STC did not.

Introduction of the seed resulted in product cigskeeing formed in both of the
crystallizers. This is consistent with the secopdaucleation model described in
Chapter 2. For the STC this appeared to be a mexhahat involved formation of
product crystals directly from the seed crystdl¢athe products were of the same form
as the seed). For the OBC, the nucleation thairoed on the introduction of the seed
resulted in product crystals of the opposite foorthe seed. In this case, secondary
nucleation appears to be the mechanism of produetdtion (in the benchmark test, no
product crystals were formed when the seed wapmsient) but the exact mechanism
is different to that seen in the STC. It now beesmecessary to expand on the existing
nomenclature used to describe the nucleation me&shanThree scenarios seem to be
possible as opposed to simply primary or secondacjeation:

e Primary nucleation can occur where the producttatysare formed
without the necessity of a seed crystal, i.e. solablecules assemble
spontaneously into a stable nucleus and grow istrekt crystals.

e Secondary nucleation may occur directly from thedserystal where
the product crystals bear the same enantiomorphsrithe seed. In

such a mechanism, the solute molecules adsorbtatorystal surface
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and grow as either dendrites, or as additions tstiag crystal faces.
Once the dendrites, or the seed crystal grow tert@io minimum size,
material can break away from the seed crystal,ltreguin a crop of
secondary crystals. This shall be termed as a siaithr secondary
nucleation model.

« Secondary nucleation may occur wherein the produgdtals do not
form directly from the seed, but perhaps from teedsboundary layer.
Perhaps in this type of mechanism, the solute matdscare attracted to
the seed crystal and undergo some manner of safrdsy into stable
nuclei prior to adhesion to the seed crystal serfathis nucleation due
to attractive forces and molecular self-assemblynlwoed shall be

referred to as a seed dissimilar secondary nuoleatiechanism.

5.6 — Results and discussion — Left handed vs. Righanded seeds

In order to identify any variance that may arise da the type of seed utilised, the
experiments were conducted using both left and hgimded seeds. It would be short
sighted to simply assume that there was no preterér the system to nucleate more
readily with a left handed seed than a right hansleeld or vice-versa. In order to
confirm that the handedness of the seed has nocinga the outcome, statistical

analysis of the data was performed comparing tiheuhel right handed seed results.

For the STC experiments, all of the left handeedseins and all of the right
handed seed runs produced 100 % similarity to ¢leel €rystal. In this case it is clear
that there is no difference in the outcome of thpeeiment between a left and right
handed seed. Looking at the data for the OBC is\that any difference between the
percentage similarity to a left handed seed andp@reentage similarity to a right
handed seed is most likely down to chance. Thesk&uWallis analysis of the data
shows a high probability that there is an insiguaifit difference between the two seed
enantiomorphs; P = 0.5002. Similar results from gtatistical analysis can be found if
the data from the scraped STC and non-scraped GBfgated in the same way. P
values of 0.4867 and 0.8166 respectively were nbthiindicating that there is likely
no difference between using a left handed or righhded seed crystal for this

experimental setup.
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5.7 - Conclusions

The objective for this work was to seek scientififtderstanding as to why seeds were
not necessary in some crystallization process#iserOBC, while seeds were essential
in the STC for the same processes and at the speratmnal conditions. The starting
point for this research was on the mixing mechanigmie the chemistry (the model
compound) and other conditions such as the proeedand operations remained
unchanged. The experimental data showed thatT@oduced crystals exclusively
of the handedness of the seed crystal whether tkiagrwas applied or not. The OBC,
however, produced crystals of mixed handedness whemixing was applied. This
indicates that a different nucleation mechanism tnings present in the OBC as one
would expect 100 % similarity to the seed crydtéhé mechanism was the same.

By further hypothesizing that the way mixing is &sled in the system could be
the cause for the primary nucleation; the presef@scraping action was investigated
in each crystallizer. The data generated so farhaghly supportive of these theories.
By adding scraping to the STC, there was a notleedbcrease in the percentage
similarity to the seed crystal. Conversely, thmogal of the scraping action in the
OBC resulted in a significant increase in the patage similarity to the seed crystal.
This indicates scraping as being a key driver taradg the nucleation mechanism in a
crystallization experiment; however the nature hos tis still unknown. This will be

investigated in more detail in the following chapte

An interesting observation was made when utiligicycled starting materials.
It is suspected that the material purity may playimportant role in the nucleation
mechanism (the effect of impurities on crystal eatbbn and growth is well
documented, see Chapter 2), however at this stdlgeraugh investigation into this is
outwith the scope of this research into the effe€tmixing on the nucleation
mechanism. It was also seen that there was nateffiealtering the seed crystal

enantiomorphism. Equivalent results were seem feft and right handed seed.

With the results obtained from this research, texgsnomenclature used to
define the nucleation mechanisms are insufficielitis proposed that the secondary
nucleation as seen with the STC is referred to ssea similar nucleation mechanism.
Furthermore, the secondary nucleation seen in A€ @ill be referred to as a seed

dissimilar nucleation mechanism.
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Chapter 6 — Influence of mixing intensity on nucledon mechanism

Following on from the groundwork laid out in Chap®e the next area of investigation
was the effect of mixing intensity on the nucleatrmechanism. This research utilised
all four types of crystallizer used in Chapter ol &ne general procedure was the same.
The difference between the previous research asdmMbrk is that the mixing intensity
was altered and the effect on nucleation mechamerorded. The content of this
Chapter is largely based on Publication numbeiothfthe list at the beginning of this

thesis.

6.1 - Introduction

Over a hundred years ago, Young (1911) describeddgitation would cause the onset
of nucleation in a quiescent solution in which ngstallization would occur [148].
This has since been studied in more detail ang ihaw recognized that mixing
influences the metastable zone width (MSZW) [148],important scientific parameter
of solution crystallization. Some early works byulvh and Raven (1961, 1962)
showed that for the batch cooling crystallizatidnrsome aqueous salts, increasing the
agitation rate raised the nucleation temperatunethér increasing the stirrer speed
reduced the nucleation temperature slightly anth&rmore intensifying the agitation
rate resulted in enhanced nucleation with highesleation temperature once again.
The suggested mechanism for this phenomenon waghby ltomplex combination of
enhanced mass transfer due to reduced diffusiorpeting against disruption of pre-

nuclei clusters due to fluid shear [35, 150].

Nyvlt et al. (1968, 1970) investigated the relationship betwsérer speed and
MSZW in order to probe the nucleation kinetics gi@ous solutions. They found that
the higher the stirrer speed, the higher the ntioleaate constant, but the nucleation
order was only dependant on the number of molectdgsired to form a critical

nucleus, i.e. the nucleation order was indepenoleagitation rate [37, 40].

The relationship between nucleation and agitataies investigated by Mullin
and Nyvlt were recently observed by Liagigal. (2004) in the study of L-glutamic acid
crystallization. They hypothesised that reductadrboundary layer was observed at
higher agitation rates, which caused the changeiateation rates [144], although this

parameter is difficult to observe and measure.
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The mixing effect applies not only to primary nwaien, but also to secondary
nucleation [3]. Melia and Moffitt (1964) presentddta on the secondary nucleation of
potassium chloride from aqueous solution. Theygseated two possible mechanisms
for the secondary nucleation process [151]. Tist fiossibility was that in the vicinity
of the seed crystal, weakly attracted solute mdéscwere somewhat ordered in the
seed crystal boundary layer without actually beingorporated into the crystal
structure. These clusters remained in the bounidgsr, with increasing fluid shear,
the boundary layer can be washed into the bulktisoluand replaced with fresh
solution. These clusters then developed into nutléhe bulk solution away from the
seed crystal. This type of nucleation was repog@tier by Powers (1963) in the study

of sucrose crystallization [53].

The second mechanism was that the solute moleadeasincorporated into the
seed crystal structure as dendrites. Throughdtieraof fluid shear, or by crystallizer-
crystal collisions, these dendrites can be rippethfthe seed crystal and carried into
the bulk solution to further grow. Melia and Mdfffreported this type of mechanism
for the crystallization of ammonium chloride [152[t would be reasonable to assume

that these mechanisms are dependent on agitat@n ra

Min and Goldburg (1993) investigated the influeradefluid shear on droplet
formation. In their experiments, the droplets appd as temperature increased.
Increasing the fluid shear resulted in a reductodnthe embryo-type clusters and

reduced the effective droplet nucleation rate [153]

The combined actions of collision breeding andlibendary layer models were
discussed by Buhset al. (2000) who concluded that secondary nucleation ithee
model was dependent on the crystallizer's hydrodyos [38]. Chenet al. (2002)
found that the sodium chlorate boundary layer théds was dependant on the fluid
dynamic conditions [39]. It seems likely that Ifet boundary layer bred nuclei and
collision bred nuclei were the competing processesratio of boundary layer nuclei to
collision bred nuclei would depend on not only tajiizer hydrodynamics but also the

mixing intensity.

In general it has been shown that by altering tigstallizer’s fluid dynamics, it
becomes possible to manipulate many important factoritical to nucleation.
Increasing fluid agitation intensity and shear satends to reduce boundary layer
thickness and would have measurable effects on isHappening in the vicinity of a
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seed crystal. Fluid shear may also influence asynpicleation clusters that may exist

in the system [154] and allow some degree of impaet nucleation rates.

Paulet al. (2005) stated that “crystallization may be the nwhSicult operation
to scale-up — successfully” and highlighted the omtgince of mixing for control of
nucleation and subsequent growth [32]. By undeditey how nucleation changes with

agitation, the scale up would become easier andealone with confidence.

The previous chapter detailed how during seedenlisodhlorate crystallization
at a supercooling of 1 °C, all of the product caistbore the same handedness as the
seed crystal in the STC, indicating that secondaileation directly from the seed was
the source of product crystals. This will be reddrto as “seed-similar’ nucleation
thereafter. For the OBC, on the other hand, tloelymst crystals were never more than
96 % similar to the seed crystal, suggesting agrradtive nucleation mechanism that
facilitates a “seed-dissimilar’” nucleation moddlhe scraping action of the baffle outer
edge against the inner surface of the crystalizall was proposed as the cause of
generation of the incorrect enantiomorph in the OBTo test this hypothesis, the
scraping was removed from the OBC, while it wasoiiticed to the STC. The opposite
results were obtained, i.e. the un-scraped OBC ymedl much more seed-similar
crystals and the scraped STC produced seed-diasimnystals, which verified this
hypothesis. The objective of this chapter is testigate how the identified nucleation
mechanism would vary with mixing intensity and Ibfiaid flow mechanics, while at
the same time shedding some light into the mechamt nucleation as a result of

scraping.
6.2 - Conditions to be studied

The mixing intensities are quantified by means lid power density as outlined in
Chapter 3. In order to achieve the power dendignges, the mixing conditions in

Table 6.1 were applied.
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Table 6.1 — Mixing conditions for each crystalliz&he mixing speed is given to the
left and the approximate energy dissipation (Wngiven in round brackets in the
centre. The right hand value in each cell, givensquare brackets, represents the
approximate shear rate for each mixing conditidine OBC is oscillated at a centre to

peak amplitude of 15 mm

OBC Tight baffles OBC Loose baffles

Mixing condition STC (RPM)
(H2) (H2)
Low 65 (12) [3.5] 0.4 (9) [0.3] 0.8 (13) [0.6]
Medium 160 (180) [8.5] 1.0 (145) [0.6] 2.0 (218)4]
High 260 (776) [13.9] 1.6 (595) [1.0] 3.0 (732)4P

2 (1162) [1.3]

With the exception of the mixing intensities givienTable 6.1, the experimental
procedure remained the same as in Chapter 4, widingle seed crystal being

suspended for three minutes at 1 °C supercooling.
6.3 - Results and discussion
The results from the seeded crystallizations inSME are now presented in Table 6.2.

Table 6.2 - Percentage similarity to the seed atyet the seeded crystallization in both

the un-scraped (left) and scraped (right) STC

un-scraped Mixing intensity scraped Mixing intensity

sample Low Medium High sample Low Medium High

1 100.00 100.00 100.00 1 92.62 100.00 93.62
100.00 100.00 100.00 2 94.61 99.02 96.33

3 100.00 100.00 100.00 3 98.77 92.24 97.35

Average 100.00 100.00 100.00 Average 95.33 97.09 95.77
Standard 0.00 0.00 0.00 Standard 1.18 2.44 1.11

Error Error
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From the data of the un-scraped STC on the leftabe 6.2, it can be seen that
the similarity to seed is consistently 100 % fof @bwer dissipations. While no
mechanism was expected in the un-scraped STC togteoseed dissimilar nucleation,
increasing the power dissipated into the systemldvba expected to increase the rate
of secondary nucleation by either crystal-crystatiystal-crystallizer collisions [142,

155], without influencing the product crystal haddess.

When scraping was introduced to the STC by simpbirig the impeller tightly
pressed against the bottom of the vessel, seemrdesnucleation did occur (the right
side of Table 6.2). This outcome was expected fiteerprevious work [156]. It would
seem reasonable to infer that as the mixing intynmsireased in a system where a seed-
dissimilar nucleation mechanism exists, one ofdloetcomes could be seen. The first
possible scenario could be that the rate of sesslrdilar nucleation because of the
scraping mechanism would increase due to more asrppr unit time (in this case
rotations per second) resulting in a decreasedmp#rcentage similarity to the seed of
the crystals produced. The second possible out¢batenay be observed could be the
rate of seed-similar nucleation being enhancedtdusther crystal-crystal or crystal-
crystallizer collisions occurring more frequentlgdause of the increased mixing. The
third possible outcome is that both cases one amdwould occur simultaneously.
Should this be the case, then it is likely that effects of each scenario would cancel
each other out, resulting in no detectable chandka outcome of the experiment. The
data in Table 6.2 suggest that it is likely thais tthird possibility was observed.
Analysis of the data using the Kruskal-Wallis tesggests that there is no statistical
significance in the differences between the resaltsvarious mixing intensities
(P=0.7326). These experimental data explain thtabagh scraping did cause the
formation of product crystals of the opposite ermanorphism to the seed crystal, the
energy dissipation at which scraping is applied liflé or no influence on the rate of
this seed-dissimilar nucleation. This could peshép due to both seed-similar and
seed-dissimilar nucleation rates increasing witlximg intensity, resulting in no net

change in the average similarity.

The experiments conducted in the STC were thenatedein the OBC. The

results of these tests are given in Table 6.3.
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Table 6.3 - Percentage similarity to the seed atyet the seeded crystallization in both

the un-scraped (left) and scraped (right) OBC fated centre to peak amplitude of 15

mm

un- Mixing intensity scraped  Mixing intensity

scraped

sample Low Medium High sample Low Medium High

1 100.00 98.86 9958 1 94.02 99.00 93.09
96.99 99.49 99.83 2 94.89 93.43 93.20

3 99.88 98.69 99.01 3 96.31 92.90 90.49

Average 98.96 99.01 99.47 Average 95.07 95.11 92.26
Standard 0.98 0.24 0.24 Standard 0.67 1.95 0.89

Error Error

Considering the scraped OBC first (the right sifidable 6.3), seed-dissimilar
nucleation did occur, leading to the percentag&raflarity to the seed being lower than
100 %. It appears, however, that there is no diesard with the change in mixing
intensity (frequency). Indeed, no statistical gigance can be found in the difference
between the outcomes under the three condition8.{R%9). Similarly, with the un-
scraped OBC (the left side of Table 6.3), some skegimilar nucleation also took
place. Analysis of the data of the un-scrapedupesuggests again that there is no
significant difference between each mixing intengR=0.4298). In terms of trends
found in both the scraped STC and scraped OBCeftteet of mixing (stirring vs.
oscillation) had little impact. Statistical anat/®f these data shows that there is no
significant difference in the percentage similafitgtween the scraped OBC and the
scraped STC (P=0.2004).

The seed-dissimilar mechanism took place in thearaped OBC, while it was
not observed in the un-scraped STC. The statistdéerence in the percentage
similarity between the two un-scraped set upsgsiicant (P=0.0005). Why is this?
Previous work on the numerical modelling of flowtteens in both tight fit and loose fit
baffle arrangements in the OBC showed that morearstvas predicted in the latter

device than in the former [93] Liet al. calculated the former to have an average wall
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shear stress of around 2.5 Pa, whereas in the, lattealue of around 14 Pa was
calculated [157]. The seed-dissimilar nucleatiorthie un-scraped OBC may be linked
with the increased shear at the gap, even thoulasitpreviously been shown that the
introduction of a gap in the OBC increased the ngxime, i.e. the larger the gap is, the
poorer the mixing is [108]. This would suggestt itiee local fluid flow condition in the
un-scraped OBC could have played a small but imapbrtole on the nucleation

mechanism.

To put this hypothesis to the test, lower osddiaamplitudes of 3.5 and 7.5 mm
were used at a fixed frequency, so that the amofirituid shearing at the gap is
effectively reduced as the shear (strain) rateepqrtional to the change of oscillatory

velocity (xf) at the gap as:

Xof
D

Y o

6.1)

Wherey is the fluid shear rate tsand D is the baffle diameter (m) [137].

Clearly, a reduction of the amplitude at a fixedguency reduces the value of
the oscillatory velocityxf, and therefore the shear (strain) rate of theegyst The
results of the varied amplitude experiments in libthscraped and un-scraped OBC are

presented in Table 6.4.
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Table 6.4 — Percentage similarity to the seed alyst the seeded crystallization in the
scraped (left) and un-scraped (right) OBCs. Thesés were conducted at a fixed
frequency of 2 Hz, the approximate energy dissipa(iVni®) is given in brackets next

to the amplitude

un-
Amplitude, X, (mm) Scraped Amplitude, X, (mm)
scraped
7.5 15 7.5 15
Sample 3.5(3) 3.5(14)
(27) (216) (145) (1162)
100.00 99.96 98.86 97.85 98.12 93.12
2 100.00 99.94  99.49 100.00 95.72 93.12
3 100.00 99.42  98.69 99.91 98.39 93.82
Average  100.00 99.77 99.01 99.25 97.41 93.35
Standard
0.00 0.18 0.24 0.70 0.85 0.23
error

Examination of the data from the un-scraped OBE (it side of Table 6.4)
reveals that decreasing the amplitude, i.e. thearslistrain) effect, increased the
similarity to the seed, and 100 % similarity to tbeed was achieved at the lowest
amplitude of 3.5 mm, where the shear effect wats ddwest. Increasing the amplitude
gave a significant difference in the outcome of éx@eriment (P=0.0349). The data
continue to suggest that the local fluid mechamoalditions could influence nucleation
mechanisms. To further confirm this, the same tmm$ were tried in the scraped
OBC as shown the right side of Table 6.4. A cleand of the similarity to the seed
increasing towards 100 % with reducing oscillateomplitude is evident here, with a
significant statistical difference (P= 0.0496). skems that by reducing the effective
scraped area via the length of the scraping irsgis¢em, the local shearing effect was
effectively reduced, leading to the significantuetion of the amount of seed-dissimilar
nucleation. The results indicate that both thealenixing intensity and the local fluid
mechanical conditions during the seeding withimyst@llizer are equally important in
influencing nucleation. That said, it is importaiot note that although the power
dissipation is comparable for each device, therstaa in the STC was always much

higher than that in the OBC. This raises the irtgpare of local shear rates (in this case
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the point of scraping of the baffle against theseésvall) vs. that of bulk shear rates,

which the shear rate equations consider.

The question remains as how exactly the seed-diasianystals were formed in
the scraped and un-scraped systems. It coulddmiksped that the seed boundary layer
could be the key factor in deciding whether or matleation would be seed-similar or
seed-dissimilar. In the OBC, the fluid flow regiroeuld disrupt this boundary layer
differently, giving different pre-nucleation condits [68] to those seen in the STC.
For the scraped systems, the results presenteddssmmble an undergraduate chemistry
lab project using a spatula scraping the surfaca béaker containing supersaturated
solution, but the exact mechanism becomes hardeeluoidate, perhaps with a
combined scraping and fluid flow regime model ifeef. As Davey et al. pointed out,
determination of the crystal nucleus charactegstisuch as size, shape, and,
particularly, the enantiomorph) will require techogy and data that are as yet

unavailable [158].

6.4 - Conclusions

In conclusion, it was previously found that whesceaaping mechanism is introduced to
either a stirred tank or oscillatory baffled crystar containing a supersaturated
solution of sodium chlorate, nuclei of opposite r@i@amorphism to the seed crystal are
found in the crop of product crystals. The worlderiaken in this chapter, somewhat
surprisingly, finds that no real change in the patage of similarity has been seen in
the two systems when the mixing intensity (in tewh&equency and stirring rate) was
altered. It has been further demonstrated thadl [Baid mechanical conditions (e.g.

shearing effect due to the oscillatory amplitude) elso lead to the formation of seed-
dissimilar crystals. By reducing such an effetie un-scraped OBC gave 100 %
similarity to the seed at the lowest amplitude éheffect). The results of this work

indicate that the action of scraping generatesenwélthe opposite enantiomorphism to

the seed, so does the local mixing/shearing camditin a crystallizer.
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Chapter 7 — Effect of scraping — OBC | vs. OBC Il

In the previous Chapters, the OBCs have all beenoties wherein the baffles are
oscillated through the fluid. The focus of the Wwapw shifts to the scenario where the
fluid is oscillated around the stationary baffléEhe content of this Chapter is based on
the Publication number 3 from the list of work @eted at the beginning of the thesis.

7.1 - Introduction

In Chapters 5 and 6, experiments were carried suguan aqueous solution of
sodium chlorate in both the STC and OBC under coaipea operating conditions
(supersaturation, seed suspension time, solutianectration, curing times and power
dissipation). It was found that the STC alwaysdpiced crystals of the same
enantiomorphism as the seed. This can be descabesl Seed-similai nucleation
mechanism. In the OBC, however, the similarityhte seed was always less than 95 %.
The five per cent or so of the opposite-to-seedtaty must have occurred due to an
alternative $eed-dissimildr nucleation mechanism. The influence of baffleaping
on the column wall in the OBC was investigated afehtified as the source of the
seed-dissimilanucleation, i.e. nucleation of crystals with arpogite enantiomorphism
to that of the seed crystal. By creating a gagveen the outer edges of the baffles and
the internal surface of the crystallizer, therebynmating the scraping action, the
similarity increased towards 100 %. This was addueby increasing the gap between
the baffle and the crystallizer wall. By doing Htg value otx was dramatically altered
(0.23 for the OBC | vs. 0.87 for the OBC with baffgyap). This resulted in the
operational frequencies of the OBC Il to greatlgeed that of the OBC | despite the

power density remaining constant.

In order to further investigate this scraping efffabe OBC IIl described in
Chapter 3, Figure 3.5, was used. The OBC Il dsffeom the OBC I in that it is the
fluid that is oscillated rather than the baffledot only does this remove the scraping
effect of the baffles, but the value @how remains similar to the OBC | (0.21 in OBC
[l). So far all experiments were performed in@BC where the baffles are moving up
and down through the fluid by a linear actuatothat top of the column. This chapter
shall focus on an OBC where the baffles are statypand the fluid is oscillated by a
bellows at the base of the column. Although th#oum mixing can be achieved in

both configurations, the purpose of this work isdentify and compare any difference
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that may arise due to the different oscillation moels and any impact on nucleation
mechanism, in particular, as the moving baffle myement is exclusively used in batch
operation, while pulsing fluid in the presence tdtisnary baffles is employed in
continuous operation [159]. It is the latter methioat is used in lab, pilot and full scale
continuous crystallizers, therefore the understagditilization and controlling of these
differences, if any, could have profound influerare tailor-making crystal properties
and also allow us to gain better knowledge on soplef continuous crystallization

processes.

In Chapter 6, the effect of increasing the powensity on the nucleation
mechanism was investigated in the OBC I/Il and §1&€C. As the mixing intensity
increased, no real trend was identified. In th€€SWhere no scraping occurs, it was
seen that the products bore 100 % similarity tostid in each case. This suggests that
collision breeding is the mechanism of secondagteation when no scraping is seen.
The tests in the OBC Ill would either confirm thgpbthesis that the scraping is the
cause of primary nuclei or identify other primanycteation mechanisms.

7.2 — Conditions to be studied

Continuing from the results obtained in the presiochapters, the experiments
performed here utilise similar conditions and mgintensities. The mixing conditions

for the OBCs are given below in Table 7.1.

Table 7.1 — Mixing conditions of the OBCs with aate to peak amplitude of 7.5 mm.
The frequency of oscillation (Hz) gives an approxienpower density that can be used
as a basis of comparison between each system. farhgght columns indicate the
approximate shear rate for each type of OBC urgegiven conditions

Approximate P/V (Wm™) f (Hz) v Mov('sr_'% baffle MO\(/;Q? fluid
10 0.8 0.25 0.32
150 2.0 0.63 0.81
700 3.3 1.03 1.33
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7.3 — Results and discussion — OBC lll, seeded ctgflization at AT =1 °C

For the OBC with moving fluid, the results in Table were obtained. The column,
N", denotes the number of seed-similar crystals)esthe number of seed-dissimilar
crystals is given in the column, N'. The total ftn@mof crystals obtained is presented in

the 4" column, headed “N”. Three tests were carriedf@mueach condition as before.

Table 7.2 — Results from the moving fluid OBC gt=x7.5 mm and with various
frequencies. The number of seed similar, N", amdd dissimilar, N', crystals is

determined allowing the percentage similarity t® skeed crystal to be calculated

f (Hz) NE N’ N Similarity (%)
0.8 1461 270 1731 84.40
0.8 614 143 757 81.11
0.8 580 133 713 81.35

2 1900 49 1949 97.49

772 34 806 95.78
2 698 38 736 94.84
3.3 1801 292 2093 86.05
3.3 820 106 926 88.55
3.3 907 201 1108 81.86

The tests using the moving baffle OBC were alsofopered at the same

operating conditions and the results given in T@hBobtained.
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Table 7.3 — Results from the moving baffle OBC at=x 7.5 mm and with various
frequencies. The number of seed similar, N", aedd dissimilar, N', crystals is
determined allowing the percentage similarity t® skeed crystal to be calculated

f (H2) " \ N Similarity
(%)

0.8 757 43 800 94.63

0.8 1323 3 1326 99.77

0.8 1253 13 1266 98.97

1934 37 1971 98.12

2 939 42 981 95.72

1162 18 1180 98.47

3.3 835 61 896 93.19

3.3 3290 50 3340 98.50

3.3 1595 39 1634 97.61

Table 7.4 summarizes the averaged similaritieshéoseed for the OBC with
both stationary and moving baffles.

Table 7.4 — Average percentage similarity to seéedhaous mixing intensities in both
the OBC with moving fluid, and moving baffles. Thevalue is the standard error and

is based on the data from Tables 7.2 and 7.3

Approximate P/V OBC (moving fluid) OBC (moving baffles)
(Wm™) (OBC Ill) (OBC I)
10 82.24 +1.08 97.74+£1.61
150 96.00 + 0.77 97.41 £ 0.87
700 85.44 +1.95 96.40 + 1.67

It can be seen firstly that the percentage of iimdlarity to seed is higher in the
OBC with moving baffle configuration than that imet OBC with moving fluid. The
Kruskal-Wallis statistical analys{d60] gave a probability (P) of 0.0041, postulating
that the difference in the percentages of producystals with the same

enantiomorphism as the seed between the two deMicsatistically significant. This
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confirms that moreseed-dissimilanucleation of the opposite-to-seed enantiomorphism
occurred in the moving fluid OBC. As mentionedthe previous work [156] that the
scraping action of the baffle outer edge on thermdl surface of the column was
identified and verified as the culprit for the upexted nucleation in the OBC with the
moving baffle system. How could even maeed-dissimilanucleation have occurred

in the OBC with moving fluid where there is no suray action at all?

Secondly, the percentages of the similarity todeed at each mixing intensity
were more or less the same in the OBC with movigfjés (column 3 in Table 4 with
P = 0.5611), but exhibited a “bell shape” trendha moving fluid OBC (column 2 in
Table 4 with P = 0.039). An increase in the pet@ge of the similarity to seed is
expected with the increase of mixing intensity agemmixing brings about moseed-
similar nucleation by the increased crystal-crystallizgtisions, however the decrease
with further mixing was unexpected. Since variouging intensities in the two OBCs
are essentially related to different oscillatioeguencies (Table 7.1), the observed
results thus reflect the outcomes of the frequesftsct. Could this be different when
different oscillation amplitudes are used?

Back to the first observation, one possible exglanacould lie with a recent
paper by Manninemt al. (2012). They performed a series of CFD simulaiasing
both Newtonian and non-Newtonian fluids and evadathe axial dispersion
coefficients in both the moving baffle and movirgid OBCs for the production of
polyaniline. They found that the moving baffle OB&d 4-11 % higher average shear
rate and 10-17 % higher axial dispersion coefficthan the moving fluid OBC[161].
The axial dispersion coefficient indicates the ektef diffusion of a species under a
given fluid dynamic environment with the higher thelue of the axial dispersion
coefficient, the greater the degree of mixing. Wiit considering other factors, for the
low and high mixing intensities, the similarities $eed in the moving fluid OBC are
15.9 and 11.4 % lower than those in the movingl®éafdunterpart respectively. The
reduced similarity in the moving fluid OBC coincglwith the difference between axial
dispersion coefficients in the two devices. It Wbappear without further scientific
scrutiny that the lower the axial dispersion, threager the rate of nucleation of the
opposite to seed enantiomorph, but this seems eonmiitive as any increased

nucleation rate would have been resulted from higk&l dispersion.
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The attention now directs towards the internal idguenewal due to fluid
oscillation. Could the periodical liquid stretchimnd foldingwithin the OBC for the
moving baffles be somehow different than that fog thoving fluid arrangement? A
number of new experiments were constructed andumted as before, except that the
top baffle was removed in both OBCs as illustrabedthe right in Figure 7.2. This
would reduce the degree of internal renewal as aglhe quality of the mixing in the
vicinity where the seed crystal was immersed. @hogeriments were run under the
same mixing conditions given in Table 7.1. Theaultssfrom these tests are given in
Table 7.5.

<—— Fluid surface

v

|- g /i

Poorly mixed area
due to no top baffle

S [o——"--- 2]
[ [ —
All baffles No top baftle

Figure 7.2 — OBCs with all baffles (left) and ne toaffle (right). The seed was always
immersed to the same depth indicated by the fidleid Removing the top baffle would

result in the mixing in the immediate vicinity dfe seed crystal to be reduced
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Table 7.5 — Removing the top baffle from each OB&dg a change in the outcome of
the experiment. The average percentage similgatitiehe seed crystal in the two OBCs
with and without the top baffle are shown * thendtrd error. For each OBC, mixing
was carried out with a centre to peak amplitud€.6fmm. The mixing intensity was

varied by altering the frequency

Scraping, moving baffle Non-scraping, moving fluid

Approximate P/V  All baffles No top baffle All baffles No top baffle

(Wm)
10 97.74+1.61 9953+0.16 8224+1.08 96.48+1.33
150 97.41 £ 0.87 99.49+0.18 96.01+0.77 98.15+0.48
700 96.40 + 1.67 99.45+0.28 8544 +195 9467 +1.81

From the data in Table 7.5, it would appear thatgresence or non-presence of
the top baffle had a significant effect on the oute of the experiment (P = 0.0031 and
0.0054 for the moving baffle and moving fluid OBf@spectively). It can be seen that
the percentage of similarity increased for botluggtwhen the top baffle was removed
and the local mixing at the neighbourhood of thedseecame poorer. In fact, when no
mixing was applied to either system during the sepgdrocess, 100 % similarity to the
seed crystal was obtained. This indicates thatnheng conditions around the seed
affected the nucleation mechanisms. Without thesgmce of the top baffle, the
activities of eddies diminished in that area arelgbed boundary region remained more
or less unchanged. This finding points to the esidg/length having an effect on the
nucleation mechanism. As a direct consequencesva series of experiments were
designed and conducted (Table 7.6) where the amplibf oscillation was altered at a
fixed oscillation frequency of 2 Hz. For these emments, both crystallizers were
operated with all of the baffles present. The ltesfor the moving fluid OBC are
shown in Table 7.6 (a), while for the moving baSlestem in Table 7.6 (b), the latter of
which are imported from the earlier work [162].

By changing the magnitude of the oscillatory anuolé, it becomes possible to
change the size of the eddies within the systern miich more control than can be had
by simply removing the top baffle of the system.igufe 7.3, below, gives an

approximate representation of the various eddyssmeen the oscillatory amplitude is
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changed. By altering the eddy size, the liquidingxn the immediate vicinity of the

seed crystal can be changed.

>4 P9

Figure 7.3 — Approximate size of the eddies atotmiamplitudes. There will be a
distinct increase of eddy size when amplitude iases from (a) 3.5 mm to (b) 7.5 mm

and to (c) 15 mm
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Table 7.6 —The number of seed similar, N", andl sssimilar, N', crystals obtained
from both types of OBC for varied centre to peakilzion amplitudes (15, 7.5 and 3.5
mm) and a fixed frequency of 2 Hz. The percentagglarity to the seed crystal is also

calculated

(@) — The moving fluid OBC with all baffles. Themoximate shear rates at each

amplitude were calculated to be approximately 1062] and 0.38 Srespectively.

Xo (Mm)  P/V (Wm™) N" N’ N Similarity (%)
491 36 527 93.17
15 1406 937 103 1040 90.10
343 33 376 91.22
1900 49 1949 97.49
7.5 175 772 34 806 95.78
698 38 736 94.84
520 10 530 98.11
35 18 831 37 868 95.74
596 8 604 98.68

(b) — The moving baffle OBC with all baffles. Tla@proximate shear rates at each

amplitude were calculated to be approximately 10263 and 0.29 Srespectively.

Xo (MmM) PV (Wm™) N" N' N Similarity (%)
2260 167 2427 93.12
15 1162 3020 223 3243 93.12
6973 459 7432 93.82
1934 37 1971 98.12
7.5 145 939 42 981 95.72
1162 18 1180 98.47
1817 40 1857 97.85

3.5 14 6567 0 6567 100.00
3250 2 3252 99.94

From Table 7.6 above, it can be seen that chantiiegamplitude had a
profound effect on the percentage similarity to sked (P=0.0509 for both crystallizer
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configurations) where a reduction in the amplitysidded an increase in the percentage
similarity to the seed, and 100 % similarity to tbeed was achieved at the lowest
amplitude in the moving baffle OBC. This is not ttase with the moving fluid system.
Looking closely at the configurations, unlike thewvimg baffle OBC, the fluid surface
in the moving fluid OBC must rise and fall at thog tof the liquid column. It could
entirely be possible that this rising fluid in th@ving fluid OBC could be deposited as

a thin film on the vessel wall as depicted in Fegidr4.

Top of Stroke —

Thin film deposited
on down stroke

Bottom of Stroke

Figure 7.4 — Thin film deposited in moving fluid GBoetween the bottom and top of

the oscillation stroke (not to scale)

This film could then be evaporated, leading to ezithotential nuclei or, more
likely, localised areas of high supersaturatiort thay be washed back into the bulk
solution on the next pulse of the oscillation. I6wing Denk and Botsaris’ works [46],
this would effectively lead teeed-dissimilanucleation and give a mixture of levo- and
dextrorotatory product crystals. This may alsoocacdt for the earlier observation of the
bell-shaped trends with the varied frequency tegts.alternative mechanism that may
be taking place could be splashing of the solubaio the curved vessel wall. The
splashed droplets themselves could evaporate daenigh vapour pressure as a result
of the small droplet sitting on the curved vessetaxe. If this was the case, sealing the
column top could prevent evaporation from takingcpl and reduce or eliminate the
seed-dissimilarcrystals. Furthermore, in the setup of a contusuorystallizer, the
external surface renewal will be at the end of @@BC, as shown in Figure 7.5. At
this point of the crystallizer, the product crystahould have fully grown (at any rate,
no nucleation should be occurring), and any eféédhe liquid/air interface would not

affect nucleation any more.
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The column was sealed at the top by replacing ptask cap with a PTFE
gasket and a PTFE lid, which was clamped onto llesgolumn. The seed crystal was
mounted to a moveable magnetic holder prior toaghearatus being sealed. The seed
was held well above the solution initially, and kned into it when required. Early
attempts at this experiment involved the internedspure of the crystallizer being
increased by means of a hand pump to around ¢ Ihewever this pressure was too
high to allow the bellows to physically oscillatbet fluid. The experiment was
eventually performed as intended after being setlledequilibrium was reached by
holding the quiescent solution for one hour at @) preventing or minimizing any

evaporation from occurring. The data to test fiyisothesis is given in Table 7.7

Feed Vessel !3 Surface renewal
1 I area

Peristaltic Pump
Oscillator

Figure 7.5 — Typical configuration of a COBC. Thed oscillation is achieved by the
bellows unit and a linear motor at the front endhaf vessel. This results in the surface

renewal occurring approximately between the twddddines at the end of the system
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Table 7.7 — The number of seed similar and seegindiiar crystals obtained from the
moving fluid OBC after being sealed and operated abpour pressure equilibrium.
The number of crystals obtained allowed the peemgntsimilarity to be determined.
The system was tested at various oscillatory ang#g and frequencies as shown in the
Table

Xo (Mm)  f(Hz) P/V (Wm™) N*" N' N Similarity (%)
3.5 2 18 5 0 5 100.00
34 0 34 100.00
69 0 69 100.00
7.5 0.8 11 10 0 10 100.00
266 0 266 100.00
374 0 374 100.00
2 175 487 0 487 100.00
358 0 358 100.00
819 0 819 100.00
3.3 790 162 0 162 100.00
557 0 557 100.00
10 0 10 100.00
15 2 1406 97 15 112 86.61
531 54 585 90.77
214 29 243 88.07

On sealing the moving fluid OBC, all the produciystals bore the same
enantiomorphism as the seed crystal regardleseeqtiéncy at a fixed centre to peak
oscillatory amplitude of 7.5 mm. 100 % similarity the seed were also obtained for
varying the amplitude at a fixed frequency of 2 Hxcept one condition at an
oscillatory amplitude of 15 mm. It was unexpectedsee that moreeed dissimilar
nucleation took place in the sealed setup thanith#ie unsealed system under these
same conditions (P=0.0495). The dissimilaritylte seed crystal may be a result of the
high amount of splashing that exists in the movlaogl OBC at this amplitude if more
splashing results in more small droplets, then eratpn may exist despite operating
with a sealed vessel. When compared to the resuliable 7.5, the data in Table 7.7
imply that the external surface renewal, i.e. tfiects of splashing or evaporation, is a

mechanism of initiatingeed-dissimilanucleation in the OBC with moving fluid. This
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is in addition to the scraping action in the OBGhamoving baffles that was identified

in the previous work [156]. The findings also segigthat the amplitude of the mixing
Is not as important for the moving fluid OBC assifor the moving baffle OBC. In the

sealed moving fluid system, 100 % similarity to tbeed was obtained at low and
medium amplitudes suggesting that the splashing/oandvaporation is a more

important consideration than the amplitude as presly considered in Table 7.6. This
may be due to the fact that no scraping is prasdahe moving fluid OBC.

Although no thin film effect would be expected retmoving baffle OBC as the
surface movement is restricted, a few experimermrewerformed in a sealed moving
baffle system and the data indicated that no smf difference was found between
the sealed and unsealed moving baffle OBCs (P=0,1¥.2797 and 0.6547 for the 3.5,
7.5, and 15 mm amplitude experiments respectiveliis result indicates yet again
that the scraping action of the baffle againstvibgsel wall is a significant influence on
seed-dissimilar nucleation. Whether this is thécome of the tribological action of
scraping itself or an increase in the fluid sheaha vicinity of the baffle edge is yet to

be seen.

What can be learnt from these experiments? Itoeas found that for both the
moving baffle and moving fluid OBCs, the interndliid mechanics is critical in
whether or noseed similar or seed-dissimilaisecondary nucleation takes place. The
data here demonstrates that the percentage similarithe seed increases as the
amplitude is reduced, arsged dissimilanucleation can be eliminated. A speculative
explanation is that this could be down to the gian of the fluid in the immediate
vicinity of the seed crystal with the greater timepditude (the eddy size), the greater the
extent of disturbance to this boundary layer. Ikenmnore, this research has
demonstrated that there is a substantial issuewudling thin film evaporation with the
moving fluid OBC as the liquid surface moves withkire column. This was eliminated
by sealing the system albeseed dissimilamucleation was only observed with the
highest operating amplitude. The reasons for #es still unknown, but may be
attributed to droplet evaporation due to splashmghe moving fluid OBC at high

amplitude.
7.4 — Conclusion

In this Chapter, it was found that even mseed-dissimilanucleation took place in the

OBC with moving fluid where the previously idengifi scraping action was avoided.
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Through different hypotheses, the conditions treatotir seed-dissimilarsecondary
nucleation have been identified. Depositing/evapog supersaturated solution as
either thin film, or as splashed droplets due ®dhcillatory motion in the moving fluid
system appears to be the largest cause of seeduthsaucleation. Altering mixing
conditions, i.e. the amplitude, at the vicinitytbé seed crystal at first glance appears to
have a large effect for the unsealed moving fluid moving baffle OBCs. This effect
is also seen in the sealed moving baffle OBC. tRersealed moving fluid OBC, the
effects of altering the amplitude are negligibl@his suggests that the presence of
splashing has been the true source of $ked-dissimilarnucleation. With this
knowledge gained, it should be possible to utilthese conditions, i.e. avoiding
splashing by using a low oscillatory amplitude @edling the system to minimize any
effect of evaporation, to promote or avaigled dissimilacrystals, and allow secondary

nucleation directly from the seed crystal to prewacontinuous crystallization.
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Chapter 8 — Effect of Material of Construction — PTFE vs. SS

In the previous chapters, all of the crystalliZzease been operated with PTFE agitators
(baffles and impellers). The purpose of this chafg to investigate how a change in
agitator material of construction may affect thecome of the seeded nucleation of
sodium chlorate in both the STC and OBC. The cumtéthis Chapter is based on the

publication number 4 from the list given at thertstd the thesis.

8.1 - Introduction

The material of construction of components has loegn recognized as a fundamental
consideration when designing a crystallization esyst Shahet al. (1972) studied
seeded crystallization of magnesium sulphate hgdtate with a polyethylene and a
stainless steel impeller, and found that the samlsteel impeller resulted in, on
average, four times more product crystals than wahenlyethylene impeller was used
[163]. They attributed this difference to the ches in contact energy when the
material of construction was varied [164]. Evamnsl. (1974) revealed that the rate of
secondary nucleation by crystal-crystallizer cains could be reduced by coating the
crystallizer internal surfaces with polymer [142liang et al. (2004) investigated the
contact angle between the solution and the matefimhpeller construction (an acrylic
and a stainless steel impeller) in the cooling tatlization of L-glutamic acid and found
that the contact angle was much smaller and, m, ttve nucleation rate on the surface
was much higher in the stainless steel impellen that in the acrylic stirrer [8]. More
recently, Page and Sear (2009) reported that tHacgugeometry could be used to
control the nucleation of a desired polymorph vieekationship between the contact
angle and an angle specific to the crystal latotehe target polymorph[165]. The
material surface directly affected the contact englhich in turn influenced the free

energy AGgir) of the system according to [5]:
AG' e = PAG i X2A3)

WhereAGi is the critical free energy of the system AXg'.ii the reduced free energy
due to the contact angle (J) agda function of the contact angle, defined by Volmer
[30]as:

_ (2+cos0)(1—c0s6)?

(0] " A25)

Where@ is the contact angle (°).
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Relevant to this work, Net al. (2010) investigated the effect of baffle material
for the crystallization of L-glutamic acid in an adtatory baffled crystallizer and
reported that the baffle material played a roléhim polymorph formed, with a smoother
surface favouring the formation of tlkepolymorph [20]. The motivation of this work
was therefore to investigate if there is any défere in the nucleation mechanism in an
OBC when PTFE baffles and stainless steel baffleseanployed. There are two
reasons for carrying out this work. Firstly, thentact angle could be different,
resulting in the baffle acting as a substrate farl@ation [166]. In the PTFE system, it
would be expected that any pits or irregularitieghie surface could result in a large
contact angle, denoted Byin Figure 8.1. In the case of the stainless sia#le, larger

surface pits could lead to a much smaller contaglea denoted b§sin Figure 8.1.

PTFE ~"
~_ 5

Stainless
Steel

Figure 8.1 — Representation of surface roughned3TIRE (top) and Stainless Steel
(bottom). The stainless steel surface could hageeater chance of retaining material
in the deeper crevices than those seen in the RiliF&ce

Secondly, stainless steel has a much higher Rdckwedness (~90) [167]
compared to PTFE (~58) [168]. As the scraping arowithin the OBC played a vital
role in initiating different nucleation mechanisnasharder material could favour more

vigorous mechanical scraping compared to a softer o
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In order to quantify the surface roughness in eaddtem, PTFE and stainless

steel baffles were subjected to atomic force mawpyg (AFM) analysis. Figures 8.2

and 8.3 show the respective AFM images.

Figure 8.2 — AFM imaging of the smooth PTFE basileface

T

Figure 8.3 — AFM imaging of the much rougher stssl steel baffle surface

As can be seen in the Figures 8.2 and 8.3, theletai steel surface is rougher
than the PTFE counterpart. The PTFE surface shawkigure 8.2 has a somewhat
smooth appearance, whilst the stainless steel ceurghown in Figure 8.3 has well
defined ridges and crevices. In order to quarthify observation, the surface roughness
was then measured by AFM for each material. Thelt®are given in Table 8.1.
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Table 8.1 — Surface roughness of the baffles agded by AFM

Material Roughness / nm Error / nm

PTFE 1 28 6

PTFE 2 29 +11
SS.1 67 +11
S.S.2 49 +10

Clearly the stainless steel proves a rougher seirfia@n PTFE as shown in the second
column of Table 8.1. It is also worth noting thia¢ stainless steel has a much more
irregular surface compared to the PTFE. This fected by the large difference
between the repeat measurements of the surfachressg in Table 8.1.

8.2 - Results and discussion

8.2.1 Stirred tank crystallizer

For the STC with the stainless steel impeller, réngults in Table 8.2 were obtained.
The data for the PTFE impeller were taken fromptevious Chapters.

Table 8.2 — The number of crystals obtained)(&hd the percentage similarity to the

seed in the STC with a stainless steel and PTFEllermt various stirrer speeds (Ns)

Stainless Steel PTFE
Ns (RPM) Nt Similarity (%) Nt Similarity (%)

65 827 100 1089 100
65 757 100 569 100
65 495 100 1162 100
145 1777 100 2594 100
145 1933 100 331 100
145 1097 100 816 100
258 2580 100 1860 100
258 5799 100 2690 100
258 2908 100 854 100
MEAN 2019 100 1329 100
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Considering the stainless steel impeller first, difference in the percentage
similarity to the seed was seen when the stirreedpvas changed. As the stirring
speed increased, the number of crystalg (¥tained was also increased. The Kruskal-
Wallis test shows this to be significant (P=0.0273his outcome is expected as higher
stirring speeds lead to greater secondary nucleattes due to crystal/crystallizer

collisions, hence more crystals.

The same similarity figures were obtained for thEFP impeller (right hand
side of Table 8.2). This suggests that the impsllieface played no role in dictating the
nucleation mechanism. In terms of the number gsétats, there was no trend with
respect to the impeller speed; however, the ovaratage number of crystals produced
appears to be higher for the stainless steel (20&®) for the PTFE (1329). Intuitively
the harder material of stirrer would produce morgstals via a crystal/crystallizer
collision than the relatively soft PTFE stirrer @ndthe same RPM, however the
Kruskal-Wallis test for each pair at the same istyrspeed reveals that any difference
between the materials is statistically insignificéP=0.2752, 0.5127 and 0.1266 for 65,
145, and 258 RPM respectively).  Consequently, rttsgerial of construction has
negligible impact on the nucleation mechanism fos trystallization process in the
stirred tank crystallizer. This could perhaps e do the fact that seeding was only

present for a fixed period of three minutes betagation was stopped.

8.2.2 Moving baffle OBC with tight fitting baffles

Similar tests were repeated in the OBC with the imp\wbaffle setup, the data are
summarised in Tables 8.3 to 8.5.
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Table 8.3 — The number of crystals produceg) @hd the percentage similarity to the
seed in the OBC with stainless steel and PTFE dsafflt the various oscillatory
frequencies (0.4, 1, and 2 Hz) and at a trougreak@mplitude of 30 mm

Stainless Steel PTFE
f(Hz) Nt Similarity Nt Similarity (%)
(%)

0.4 4077 86.51 1421 94.02
0.4 1413 97.24 1567 94.89
0.4 1222 81.83 1191 96.31
1 2872 100.00 4198 99.00

1 4559 100.00 4519 93.43

1 5422 99.78 4746 92.90

2 2035 74.50 5025 93.09

2 1167 89.29 4008 90.49

2 3606 93.32 4768 93.20
MEAN 2930 91.39 3493 94.15

Although there appears to be a maximum in the anityl data with the increase
of the oscillatory frequency, while no particuleertd in the crystal number data for the
stainless steel baffles, the Kruskal Wallis testesds the difference between each
frequency to be insignificant (P = 0.065 and 0.1f81he percentage similarity and the
crystal number respectively). The same Kruskal IM/abutcome applies to the
similarity and the crystal number data for the PTdaHles. When cross comparing the
data of the stainless steel with the PTFE baftles,Kruskal Wallis test delivered P =
0.8946 for the similarity and P = 0.3538 for thentner of crystals, indicating again that

that no significant difference between the dateoisceable.

More experiments were carried out at a fixed amgé of 15 mm while varying
the oscillatory frequencies (Table 8.4) as wellahsa fixed frequency of 2 Hz with
various oscillatory amplitudes (Table 8.5). Ingiigant differences in all the data

between the steel and PTFE baffles were returngddogame Kruskal Wallis tests.
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Table 8.4 — The number of crystals produceg) @hd the percentage similarity to the
seed in the OBC with stainless steel and PTFE dmfflThe OBC was mixed at the
various oscillatory frequencies shown in the Tgbl8, 2, and 3.3 Hz) and at a trough

to peak amplitude of 15 mm

Stainless Steel PTFE
f(Hz) N+ Similarity (%) N Tt Similarity (%)

0.8 757 90.09 800 94.63
0.8 2015 100.00 1326 99.77
0.8 1109 97.02 1266 98.97
2 2031 97.24 1971 98.12

2 1728 98.44 981 95.72

2 680 97.06 1180 98.47
3.3 1961 100.00 896 93.19
3.3 944 95.87 3340 98.50
3.3 1278 95.15 1634 97.61
MEAN 1389 96.76 1488 97.22

Table 8.5 — The number of crystals produceg) @&hd the percentage similarity to the
seed in the OBC with stainless steel and PTFEdsatperated at a fixed frequency of 2
Hz and with the various trough to peak amplitudes, d.5, and 30 mm

Stainless steel PTFE
X (mm) Nt Similarity (%) Nt Similarity (%)
7 1363 97.73 1857 97.85
7 1346 99.33 6567 100.00
7 1514 98.41 3252 99.94
15 2031 97.24 1971 98.12
15 1728 98.44 981 95.72
15 680 97.06 1180 98.47
30 2035 74.50 5025 93.09
30 1167 89.29 4008 90.49
30 3606 93.32 4768 93.20
MEAN 1718 93.92 3289 96.32

102



One thing to note is that the mean number of clyspeoduced from the
stainless steel baffles (Tables 8.3 to 8.5) is gbMawer than that produced by the
PTFE counterpart. This finding is unusual considgthat the stainless steel is much
harder than PTFE and a larger number of crystalddvoe produced in the former due
to more energetic crystal/crystallizer collisiors.plausible explanation for this finding

remains elusive.

8.2.3 Moving baffle OBC with loose fitting baffles

In the previous Chapters, the seed-dissimilar ratide mechanism was minimised and
eventually eliminated by increasing the gap betwiberbaffle edge and the vessel wall.
This same type of experimental work was repeated Wwose fitted stainless steel and
PTFE baffles giving the results shown in Tables &@ 8.7. Applying the Kruskal-

Walllis tests to all data, no significant differenceuld be detected for both the

percentage similarity and the number of crystat&lipced.

Table 8.6 — The number of crystals produceg) @&hd the percentage similarity to the
seed in the OBC with loose fitting stainless staetl PTFE baffles at the various
oscillatory frequencies (0.8, 2, and 3 Hz) and mbagh to peak amplitude of 30 mm

Stainless steel PTFE
f(Hz) N+ Similarity (%) Nt Similarity (%)
0.8 8606 96.22 1660 100.00
0.8 967 96.79 1459 97.05
0.8 1561 99.62 10407 99.88
2 2875 100.00 4797 99.60
2 2504 100.00 587 99.83
2 1066 99.16 14169 99.01
3 878 100.00 1056 98.86
3 1356 98.60 3309 99.52
3 1629 98.83 1990 98.74
MEAN 2382 98.80 4381 99.17
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Table 8.7 - The number of crystals produced)(dhd the percentage similarity to the
seed in the OBC with loose fitting stainless staetl PTFE baffles operated at a
frequency of 2 Hz and with varying trough to peakpsitudes of 7, 15 and 30 mm

Stainless steel PTFE

X (mm) Nt Similarity (%) N T Similarity (%)
7 3458 100.00 4517 100.00
7 1443 99.79 988 100.00
7 364 93.13 2851 100.00
15 1924 100.00 5364 99.96
15 211 99.53 1605 99.94
15 1005 99.90 1558 99.42
30 2875 100.00 1056 98.86
30 2504 100.00 3309 99.52
30 1066 99.16 1990 98.74

MEAN 1650 99.06 2582 99.60

Comparing the tight-fit and loose-fit stainlessettieaffle arrangements (the left
hand sides of Tables 8.3 and 8.6 respectively) atlerage similarity to the seed was
higher in the loose fit baffle system than in tight-fit one. This result is consistent
with what has been presented in the previous Chaptewever the difference between
the two systems was deemed insignificant, P=0.1¥84alysing the number of crystals
produced, the Kruskal-Wallis difference was agansignificant (P=0.2004). A
significant difference (P = 0.0009) was retunedtfer PTFE similarity data, whilst an
insignificant difference (P = 0.7573) for the PTREMber of crystals data (the right
hand sides of Tables 8.3 and 8.6). Nevertheldss effect of the materials on the

nucleation mechanism is small.

8.2.4 The moving fluid OBC

The effect of materials on the nucleation mechanisma further tested in the OBC with
the moving fluid configuration. Tables 8.8 and 8w the results as well as the

experimental conditions.
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Table 8.8 — The number of crystals produceg) @hd the percentage similarity to the
seed in the moving fluid OBC with stainless steatd @TFE baffles at various
oscillatory frequencies of 0.8, 2 and 3.3 Hz, and iough to peak amplitude of 30 mm

Stainless Steel PTFE

f(Hz) Nt Similarity (%) N1 Similarity (%)
0.8 729 94.38 1731 84.40
0.8 721 95.01 757 81.11
0.8 564 98.40 713 81.35
2 1137 95.87 1949 97.49
245 98.78 806 95.78
2 315 91.11 736 94.84
3.3 593 92.24 2093 86.05
3.3 574 95.82 926 88.55
3.3 179 98.32 1108 81.86
MEAN 561 95.55 1202 87.94

Table 8.9 — The number of crystals produceg) @hd the percentage similarity to the
seed in the sealed OBC with moving fluid and unligstationary, stainless steel and
PTFE baffles operated at 2 Hz. Trough to peak angas of 7, 15 and 30 mm were

tested
Stainless steel PTFE

X (mm) Nt Similarity (%) Nt Similarity (%)
7 1166 100.00 50 100
7 332 100.00 34 100
7 366 100.00 69 100
15 224 100.00 487 100
15 1340 100.00 358 100
15 1367 100.00 819 100
30 393 100.00 112 86.60
30 958 89.04 585 90.77
30 182 100.00 243 88.07

MEAN 703 98.78 306 96.16
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Once again, there were no statistically significaifferences in both the
percentage similarity and the number of crystaddatthe moving fluid OBC. When
cross comparing the two sets of data between thangdaffle (Table 8.5) and the

moving fluids OBC (Table 8.9) with the equivaleystems with PTFE baffles, the
Kruskal-Wallis difference was again negligible.

8.4 - Conclusions

After extensive and vigorous testing on the eftdahe materials of baffles and
impellers on the nucleation mechanisms, no siguificlifference was discovered for all
experimental conditions and configurations. Thidicates that the materials of the
moving parts within the crystallizers had no inflae on the nucleation mechanism for
the seeded crystallization of sodium chlorate. dtieomes are in contrast to others in
this field, perhaps due to the facts that a veortsperiod of seeding time was used in
all tests, in conjunction with the mixing being gped after the seeding. There would

be insufficient fluid motion in the crystallizers tause any noticeable differences after
the controlled introduction of the seed crystal.
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Chapter 9 — Primary nucleation

In the previous Chapters, the nucleation mechanigianssecondary nucleation were
investigated. The motivation of this Chapter isesk@mine the nucleation mechanism
via primary nucleation in both the STC and OBC.e Tontent of this Chapter is based
on the Publication number 5 from the list givenhat start of the thesis.

9.1 — Introduction

Kondepudi et al. (1990) described non-stirred spontaneous nucleatib sodium
chlorate [169] in evaporation crystallisation, greement with the work of Kipping and
Pope (1898) [170], and found that equal numbetsfofind right handed crystals were
obtained. On the introduction of stirring, howevtlte crystals were almost always
exclusively of a single enantiomorphism (100 % iostcases). They suggested that
secondary nucleation from a spontaneous nucleydaexwith rapid depletion of solute
concentration was the likely nucleation mechani469]. As the process of secondary
nucleation alone cannot result in a single enargiprthere must be some means of
suppressing the crystals of opposite handednesghdooriginal primary nuclei.
Kondepudiet al. postulated that the rate of secondary nucleatiaitddoe high enough
such that the solute concentration became suffigiéow to reduce the rate of primary
nucleation to essentially zero [169]. Kondepetlial. (1993) monitored the solute
concentration during the course of stirred and simed crystallizations where the
solute concentration in the stirred case was moerer with time due to enhanced
secondary nucleation [171]. How would the likelycaedary nucleation be initiated
with and without stirring? Kondepuét al. (1995) studied the effect of stirring speed
on the observed enantiomeric excess (ee), and fdbad the stirring rate was
proportional to the ee and the value of ee wouldl téogarithmically, towards +1 with

increasing the mixing rate [172].

The observations reported by Kondepetdal [169, 171, 172] seems to point out
that the chiral symmetry breaking, i.e. the tramsfation from a symmetric to
asymmetric state, could be realised by simply dpglynixing to the solution. Martin
et al. (1996) questioned the origin of the secondary eiu@nd by designing some
experiments in which mixing was achieved in différevays, they found that the chiral
symmetry breaking was possible due to crystal/mpalisions. When the mixing

created no collisions, e.g. applying fluid flowhat than mechanical stirring, the chiral

107



symmetry breaking was not seen [141]. In conttaghe previous works (where the
driving force for crystallization was evaporatio@jian and Botsaris (1998) investigated
cooling crystallization of sodium chlorate and fdutiat their results were consistent
with the data from evaporative crystallization, e.ithe individual crystallizations

produced exclusively one enantiomer [50]. Botsatial. (1999) related this outcome
with that of Kondepudi’'s work where a single “matheystal” underwent secondary
nucleation resulting in a single enantiomer in tpeoduct crystal crop[173].

Furthermore, Botsaris performed the same expersrautwith bubbling applied to the
system. The introduction of bubbles created migltipucleation sites for both

handedness crystals and let to both enantiometiseirproduct crystals where only a
single enantiomer was seen before without bubbl@8][ This again supports the
hypothesis that a single crystal forms spontangoosfore growing into products via
secondary nucleation. When more primary nucleaites are added, multiple mother

crystals are formed giving chiral symmetry in tmequct crystals.

Buhseet al. (2000) conducted some clever experiments wheresolation of
sodium chlorate was forced to flow over a seed tatysf sodium bromate to
heteroepitaxially nucleate product crystals. Thé&come of these trials was that fluid
flow was the sole generator of secondary nucleicaseed crystal/crystallizer collisions
were possible [38]. This is a good answer to tlewipus report by Martiret al. (1996)
who suggested that contact nucleation due to medlastirring was necessary to
generate secondary nuclei from a seed crystal &atl hydrodynamics were of

questionable importance [141].

The findings of Buhset al. (2000) are complementary to the earlier work of
Qian and Botsaris (1997, 1998). They proposed rabrgo coagulation secondary
nucleation (ECSN) model, where embryos of both bdndss crystals could exist in the
boundary layer of the seed. They also found thatpercentage of the product crystals
with the same handedness as the seed was highdifigero the supercooling. When
supercooling passed a threshold of 6 °C, the giityilvas decreased with increasing

variations between individual experiments [48,.50]

All the cited research in cooling crystallizatiorasvcarried out in stirred tank
crystallizers. Furthermore, the chiral symmetrgdking is associated with the extent of
the competition between primary and secondary atiole rates that are mixing

dependent. The motivation of this research isneestigate the chiral symmetry
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breaking in the crystallization of sodium chloratean oscillatory baffled crystallizer at
high supercooling where spontaneous, primary ntioleés allowed to take place. The
previous work on seeded, secondary nucleation ewpats has demonstrated that
different nucleation mechanisms were resulted bfferdint methods of mixing

generation, e.g. stirring vs. oscillating. Thigremt work on primary nucleation would
support and extend these previous studies on tk&ation mechanism of a chiral

crystallization.

9.2 — Experimental setup and procedure

For this investigation, two types of crystallizerene investigated: the stirred tank
crystallizer (STC) and oscillatory baffled crysizdr (OBC). In order to minimize any
difference due to crystallizer geometries, the ghasssel was common to both devices
and the agitator was changed to suit. Figure @ldvb shows the general apparatus
setup for the STC (left) and OBC (right).

Motor
control

I P.C.

PC. Interface

Interface

Figure 9.1 — The STC (left) and OBC (right) usedhiis study. The glass vessel is the
same in each case, whilst the method of agitatiaitered. The solution turbidity and

temperature were logged by P.C. interface
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The vessel consisted of an 80 mm diameter, 60Jacketed glass vessel that
was clamped beneath either an overhead stirrdreirSTC or under a linear actuator in
the OBC. The vessel was sealed with a six-necksdld, which allowed material to be
added and extracted from the vessel, the inpubh®fRAT probes, and either a rotary
bearing or a linear bearing to provide a good fwahe agitator. For the use as a STC,
the vessel was fitted with a 52 mm diameter, PTiaty paddle type impeller; with the
PAT probes acting as wall baffles to assist with mhixing in the system. In the STC
mode of operation, the vessel had a surface tanwelkatio of 68.21. For the OBC, the
vessel contained 3 PTFE annular baffles of outamdier 74 mm and an orifice
diameter of 36 mm. The baffles were spaced at BOuming stainless steel spacers.
The baffles were oscillated in the fluid by mearisaoCopley Motion Ltd. Linear
actuator (Model number STA2504S-55-S-S03X) that w@strolled by a PC. In the
OBC, the PAT probes were moved to a central pothervessel lid to avoid interfering
with the motion of the baffles. For the OBC modeoperation, a surface to volume
ratio of 121.29 was determined.

Mixing conditions for both types of vessel wereesgdd that the power density
was approximately equal. The mixing conditions &arch crystallizer are outlined
below in Table 9.1.

Table 9.1 — The mixing conditions for the STC (RPahd the OBC (frequency and
trough to peak amplitude). Under these condititims,STC would have a shear rate of

approximately 10.7%5 and the OBC would have a shear rate of approeimat59 &

STC OBC
Frequency - 2.8 Hz
Amplitude - 15 mm
Stirrer speed 250 RPM -

Heating and cooling was provided to the crystalizby a Grant GP200/R2
water heater/chiller. The water bath had a progmabie heating element, which
allowed good control of the cooling rate appliecthie crystallizer. The cooling rates
investigated in this work were 0.04, 0.1, 0.2 an#l T/min. The temperature of the
solution was monitored using a stainless steel PTtEdnperature probe that was
connected to a P.C. interface for data loggingmil&rly, the solution turbidity was

monitored using a stainless steel turbidity prolith & Hastelloy mirror. The turbidity
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was logged using the same P.C. interface as th@@®pirbbe (HEL Crystaleyes DMS-
2).

For each experiment, 446.8 g NagMas added to a separate dissolution vessel
along with 400 g of distilled water. Sodium chlkeravas sourced from Fisher Scientific
and the distilled water was generated in the lagboya The dissolution vessel was set
to 50 °C and a PTFE anchor shaped stirrer agitiedolution for one hour to ensure
that the solid had completely dissolved. Aftersdistion, the solution was filtered
using a 1.2 micron Whatman GF/C glass fibre fitteremove any impurities, if any.
The filtered solution was then added to the criigeal and held at 50 °C for a further
hour prior to the experiment. The agitator wastgdahe conditions outlined in Table
9.1, and the cooling profile, which was pre-settba water bath, started. The data
logger for the temperature and turbidity data wagcked on and remained so for the
course of the experiment. After nucleation, saspliethe slurry were taken every hour
for three hours and the crystal enantiomorphisniyaed by polarised light microscopy.
Three runs were undertaken at each cooling rateruhd conditions listed in Table 9.1,

ensuring good repeatability.

9.3 — Results and discussion

9.3.1 Stirred tank crystallizer

Based on the research set out earlier by Kondegtudi. it can be envisaged that the

STC should produce crystals of exclusively one enantiomerhe Tpolarised light

microscopy (PLM) of the product crystals from thECSare shown in Figures 9.2-9.5.

Figure 9.2 — PLM images of the crystals produced eboling rate of 0.4°C/min in the
STC at 250 RPM. All of the crystals bore the samnantiomorphism (in this case
dextrorotatory) except for one sample (far righklene a single levorotatory crystal was

detected in the crystal crop
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Figure 9.3 — PLM images of the crystals obtained aboling rate of 0.2°C/min in the
STC at 250 RPM. Almost all of the crystals obtdineere levorotatory. Only a small
number of dextrorotatory crystals were detectethftbe three repeated experiments

Figure 9.4 — PLM images of the product crystalsrfrthe STC at a cooling rate of
0.1°C/min and agitation rate of 250 RPM. Althougl majority of the crystals were of
a single enantiomorph, a small number of crystélshe opposite form to the bulk

existed in all the samples

Figure 9.5 — PLM images of the product crystalsamt®d using a cooling rate of
0.04°C/min in the STC at 250 RPM. Almost all of foroduct crystals obtained were of
a single enantiomorph. Very few crystals of tharonity form” were detected

From Figures 9.2 to 9.5 above, it can be seenth®majority of the crystals
from each experiment were of a single enantiomorphis is in line with the expected
outcome. The exact percentage can be quantifiembgting the number of crystals of
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each enantiomorph in the samples and determiniage¢th of the sample, which are
given below in Table 9.2.

Table 9.2 — The average enantiomeric excess frensTiC experiments at a mixing rate
of 250 RPM and at cooling rates of 0.4, 0.2, 0.d @4 °C/min

Cooling rate (°C/min) Average ee (absolute) +Std. ror
0.4 0.999 0.000673
0.2 0.995 0.004191
0.1 0.988 0.006953
0.04 0.961 0.03072

The data presented in Table 9.2 together with ieges in Figures 9.2 to 9.5
strongly support the previous work by Kondepetdal. who suggested that the primary
nucleation of sodium chlorate in a crystallizer Wbwccur via a single “mother
crystal”, which gives rise to product crystals bétsame form. Because the ee was
slightly less than 1, this may be due to the hypsiththat a few nuclei of the opposite
enantiomorph would have been produced; the meahdaoisthis is currently unclear.

9.3.2 Oscillatory baffled crystallizer

The identical experiments were performed in the GB@ the results are shown below
in Figures 9.6 to 9.9.

Figure 9.6 — PLM images of the crystals produced eboling rate of 0.4°C/min in the
OBC with an oscillatory frequency of 2.8 Hz andughb to peak amplitude of 15 mm.
There is a mixture of dextro- and levorotatory taigs present in the product crystal

crop
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Figure 9.7 — PLM images of the crystals formed abaling rate of 0.2°C/min in the
OBC. The mixing conditions were a frequency of B8 and an amplitude of 15 mm.
Both enantiomorphs are present in the product als/st

Figure 9.8 — PLM images of the crystals obtainethwan oscillatory frequency of 2.8
Hz, an amplitude of 15 mm, and at a cooling rat®.d°C/min in the OBC. Both
enantiomorphs are produced in almost equal measure

Figure 9.9 — PLM images taken of the crystals m&den cooling at a rate of
0.04°C/min in the OBC with a frequency of 2.8 Hdam amplitude of 15 mm. There
is a mixture of dextro- and levorotatory crystalegent in the product crop

Both enantiomorphs are visible in all of the imageBEigures 9.6 to 9.9. The ee
values were determined in the same way as befats@nmaries in Table 9.3.
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Table 9.3 — The average enantiomeric excess frenOBC experiments. In each case
the frequency was 2.8 Hz and the amplitude was 6 r@ooling rates of 0.4, 0.2, 0.1
and 0.04 °C were investigated as shown in the Tiaddl@wv

Cooling rate (°C/min) Average E.E. (absolute) +StdError
0.4 0.488 0.132147
0.2 0.158 0.099379
0.1 0.312 0.117157
0.04 0.594 0.170199

The data in Table 9.3 are in clear contrast to dlécome of the STC
experiments, with both enantiomeric identities detd. This could suggest that either
two parent crystals were generated initially anthpeted for secondary nucleation; or
multiple nuclei were formed as opposed to a sirggiginal crystal. This outcome
provides evidence that the nucleation mechanistneérOBC would have been different
to that seen in the STC. Producing product crgstélboth dextro- and levorotatory
enantiomorphism would imply that the OBC could havestronger preference for
primary nucleation than for secondary nucleatiant, what could be the real cause for
this? Could the supersaturation generation ardpletion rates be different in the two

systems, which have affected the nucleation mesh#hi

The STC and OBC experiments were repeated witlctystallizer fitted with
the FTIR probe and the changes in relative abscogbarth time are shown in Figures
9.11 and 9.12 for each cooling rate in the two cevi Note that the y axis, relative
absorbance, is directly associated with the solutioncentration. In this case, the
relative absorbance refers to the absorbance avem ¢gime, t, minus the value of
absorbance at the start of the experiment, t=Onefadly, the absorbance increased as
the solution became supersaturated, and then decréa various degrees as the direct
result of nucleation. Visibly the rate of the iease and the rate of de-crease of

absorbance are somewhat different for the two Byste
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cooling rates
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Figure 9.12 — The absorbance (blue data points)tamgerature of the solution (red

data points) for the STC at varied cooling rates
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Figure 9.13 — The absorbance indicated by the bla@ points and the solution

turbidity indicated by the green data points asrecfion of time in the OBC at various

cooling rates
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Figure 9.14 — The absorbance (blue data points)temgerature of solution (red data

points) for the OBC at varied cooling rates
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In Figures 9.11 and 9.13, the points at whichgbleition absorbance began to
decrease indicate the onset of nucleation, whislays occured earlier in the OBC than
in the STC at the same cooling rate. For each, ¢hsenucleation point by solution

absorbance coincides with the onset of nucleat®mdicated by a sharp increase in
solution turbidity.

Reusing the free energy diagraf Figure 2.1.4, the lower
supersaturation required to nucleate in the OBCladvonean the lower critical free
energy barrierAGgrit) and in turn, the smaller critical nuclei radiugif. This would be

consistent with the earlier occurrence of nucleaiio the OBC than that in the STC.

The question now is what has lowered the energetfar nucleation in the OBC?
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Figure 2.1.4 — Critical free energyGeci1) and critical radiusr(;) of nucleation, derived
from [29]

Could it be possible that the mixing in the OBGulés in a much more

homogenous distribution of solute concentrationul@ the mixing in the OBC
dissipate more energy into the solution than th€BT

In order to probe this further, the regions of Fegu9.11 and 9.13 that relate to

the de-supersaturation (the right hand side ofntlagima) were focused upon and the
gradient of the lines determined in MatLab, as shawTable 9.4.
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Table 9.4 — The gradients (x 1)0of the generation of and depletion of superséinma

at various cooling rates in the STC and OBC

Supersaturation depletion

cooling rate (°C/min) STC OBC
0.04 5.26 6.12
0.1 31.66 12.35
0.2 59.21 16.63
0.4 65.97 39.49

The data in Table 9.4 clearly indicate that the $IB@ substantially faster rates
of depletion of solute concentration with time cargd to the OBC under identical

operating conditions.

These findings are significant and the first a§ tind in the OBC, as such, this
would have profound ramifications on the undersitagmaf the nucleaiton mechanism
in the two types of crystallizers. In the OBC, thges of supersaturation depletion were
much slower than that in the STC, while it nucldagarlier and at lower supersaturation
in the former than the latter. The faster depletiates of supersaturation in the STC
lead to almost exclusively a single enantiomorplhjlevthe slower rates generated
crystals of both handedness. It seems that therfds-supersaturation rate suppressed
primary nucleaiton of the opposite-handed crystathiose initially formed, while the

slower rate favoured both.

Previous research showed that a product crystal of a single enantiomorph
was resulted when there was no mixing, while bodméomorphs were harvested when
mixing was applied. This would confirm the hypdiisethat the mixing in the OBC is
somewhat stronger, or more uniform than the ST@eequivalent conditions. It is the
degree and the uniformity of mixing generation thas influenced the nucleation

mechanism.

Although at first glance, these findings are ergit it must be noted that no
plausible explanation is in place as of yet to dbscwhy in Figures 9.11 and 9.13, the
left hand side of the graphs show an increase sorélance with time. An increase in
absorbance would be expected to be associated anthincrease in solution
concentration. As no material is added to the elesdter dissolution, i.e. the
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concentration is at a maximum at time = 0 s, exgilans must be sought to explain

why the absorbance increases initially prior tdirfiglat the onset of nucleation.

It could be that there is evaporation of watemfrthe system, but given the
construction of the vessel, and the robust segnagocol that was put in place, this
seems unlikely. Another possibility could be ttieg FTIR probe tip is detecting a local
concentration of solute molecules that must bddreseperately from the bulk solution.
Perhaps the probe tip (a crystalline structuregdrown right) is acting as a nucleation
site; attracting solute molecules to the immediateity in a manner similar to that of
a seed crystal. The most likely cause of the ameeof relative absorbance could be due
to a temperature dependance of the absorbancengea@ionsidering the Figures 9.12
and 9.14, this seems complex, as in each casepdwbance increases slightly before
decreasing. This is despite the temperature cathgtdecreasing. A robust calibration
of the FTIR system with both the sodium chlorateater system and the IR background
at varied temperatures therefore becomes necessailyaw valid conclusions with

respect to the solution concentration.

9.4 - Conclusions

From this work, it can be seen that the STC gelyeraicleated via a mechanism
similar to that proposed in the earlier works;reg mother crystal nucleated first and a
generation of product crystals was created withoatmdentical enantiomorphism to
that of the mother crystal due to crystal/cryszelti collisions, dendrite breakage, or

some other common secondary nucleation mechanism.

The OBC continues to present results which arécatide of an alternative
mechanism through which nucleation took place, whbe enantiomeric excess was
strongly suggestive of many of these “mother cigétaeing formed prior to secondary
nucleation taking place. By analysing the con@mn measurements, the single
enantiomorph mechanism was associated with fagtes 10f supersaturation depletion,
while the dual enantiomorph mechanism was relaidtie slower rates, indicating that

the OBC nucleated via a mechanism less dominategdgyndary nucleation.
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Chapter 10 — Conclusions and Further Research

This ultimate chapter presents the conclusionshezhas a result of the research
undertaken in the previous chapters. Some suggesstor future research are also put

forward.

10.1 — Conclusions

For seeded nucleation in the OBC, the product alystbtained were of a different
enantiomorphic profile to those obtained in the SW@ere the product crystals were
always of the same enantiomorphism as the seethtry$his indicates that a seed-
similar nucleation mechanism dominated the nuadegprocess in the STC and a seed-
dissimilar nucleation process was present in th&€€ OB his work was the first of its
kind.

In both devices, the presence of a scraping acdtiaa found to affect the
nucleation mechanism. For the STC, an introductidnscraping promoted the
formation of seed-dissimilar product crystals. @sely, the removal of scraping from
the OBC increased the percentage similarity tosted crystal. In both the STC and
the OBC, enhancing the mixing intensity by raisthg stirrer speed or oscillatory
frequency resulted in no significant change in thkcome of the experiment. The
scraping action appeared to have a more signifieliatt on the nucleation mechanism

than the rate of scraping.

For the moving baffle OBC, the internal fluid maaital environment was
altered by reducing the oscillatory amplitude. sTtéecreased the sizes of mixing eddies
within the fluid and changed the surface renewathi@ boundary layer of the seed
crystal. The lower the amplitude, the greatersinalarity to the seed was obtained. At
the lowest amplitude of 7 mm, the product cryste¢se exclusively via a seed-similar
nucleation mechanism, whereas at the highest amdplibf 30 mm, the product crystal
crop displayed a seed-dissimilar nucleation meamani

In the OBC, the removal of any scraping was aauddvy using a moving fluid
setup wherein the fluid was pulsed around statiobarffles. This resulted in product
crystals of exclusively the same enantiomorphisnthasseed crystal, except at the
highest amplitude, where some seed-dissimilar atiole was observed. This outcome
further validates the earlier observation that gwraping action influenced the
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nucleation mechanism in the crystallizing vessél.second outcome of the moving
fluid OBC work was that splashing and evaporati@mersfound to cause seed-dissimilar
nucleation. When splashing was allowed in an dedemoving fluid OBC, strong
evidence of seed-dissimilar nucleation was found the product crystal crop.
Furthermore, in the sealed moving fluid OBC, thephimde and frequency was found
to have very little effect on the nucleation mecdkam with no seed-dissimilar

nucleation observed unless a high amplitude wésedi

Seeded crystallization experiments were perfornrme@®BCs and STCs that
utilised either PTFE or stainless steel agitatdtsvas found that under the conditions
investigated in this work, no significant changette outcome of the experiment (in
terms of both the percentage similarity to the s the number of crystals produced
in each test) could be detected. It was conclutietl the scraping action and the
internal fluid mechanical environment around thedseere more important in deciding

the nucleation mechanism than the materials oftoactton of the agitators.

When the crystallization tests were performed auththe addition of seeds,
more differences between the OBC and STC were ledeaAnalysis of the product
crystals from the STC revealed an enantiomeric &x«# approximately 1 for each
cooling rate investigated. This was consistenh\gitevious research, which suggested
that such an outcome was evidence of a single “emothystal” forming first and
generating a secondary crop of product crystalstduapid secondary nucleation. The
OBC, on the other hand, yielded a product crop aittenantiomeric excess closer to 0
due to the presence of both enantiomorphic formsdium chlorate being produced in
almost equal measure. This would imply that theQQ#Buld have had the capability of

producing multiple “mother crystals” before undargpfurther nucleation.

The solution absorbance as recorded by FTIR sg@witometry provided some
limited, but nonetheless useful data on the ratesupersaturation depletion in both
devices. The STC was found to have much fastes raf de-supersaturation than the
OBC. This is consistent with spontaneous primangleation of a single crystal
followed by rapid secondary nucleation, as indidabyy the steep gradient in the
concentration profile [171]. Much slower ratessapersaturation depletion in the OBC
would mean more time for primary nucleation to tagdtace, possibly explaining the

presence of both dextro- and levo-rotatory crydtaiag produced.
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This final observation may form part of the anssvir the question as to why
the OBC nucleated without seeding whereas seeds ssential in the STC for the
same process. The effective mixing in the OBC dordduce the critical free
energy/nucleus radius size, allowing nucleatioro¢our at lower concentrations than
that in the STC. How the mixing allows such a tlfree energy barrier is yet to be

determined.

It must be noted that the tentative answers toathmve fundamental questions
should be treated separately from the outcomekisfthesis work, where the scraping
and the local mixing environment around the seegtal have shown to initiate
unexpected nucleation whether desirable or nohén@BC. This nucleation has been
termed as seed-dissimilar secondary nucleatiorth Wis knowledge, it should become
possible to avoid such conditions in continuousstalization, resulting in more

straightforward experiments and product crystala désired specification.

10.2 — Future research
Based on this research, the following recommendatawe outlined:

» The scraping action may act as a result of higld filnear forces at the baffle
edge — some experiments could be performed to dydhis fuller by using
varied baffle gaps (similar to those performed hyeNal.[108]). By doing so,
the true nature of scraping may be elucidated.s Wurk would also shed some
light into why the OBC

» The work conducted so far involved batch devicdsgaal next step would be
to implement the unique features of scraping im® €OBC and to examine
how effectively the nucleation events could be mead, controlled and utilized.

* Assuming the different nucleation mechanism in @#&C proceeds via a two-
step mechanism, it could be expected that the aticfecould occur via a dense
liquid state prior to crystalline nuclei formingThe mixing conditions of the
OBC should have a strong influence on this mecharasid by utilizing a
technology such as Nanoparticles Tracking Analysiss effect may be
quantified. Some initial investigations into thigre conducted with the OBC
and sodium chlorate solutions; these are presemtixeé Appendix E.

e The results from the IR experiments should be repeand expanded upon.
The concentration analysis by FTIR has provide@rasting, but very much

limited information on the rates of local supersation generation and
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depletion. Further work is recommended to exanthree effects of mixing,
cooling and crystallizer configurations on thesdesa In addition, the
concentration measurements should also be applietiet seeded nucleation

work to investigate how these rates could affeetdtystal handedness.
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Appendix A - Determination of power dissipation inthe crystallizers

The basis of comparison between the various ciigste devices has been the power
dissipation. This appendix contains the graphsd use determine the operating

conditions of the crystallizers used in this thegmsk..

The stirred tank crystallizers
Power density in the STCs is calculated using ¢fiewing equation:

P _ PopNED3

7= 7 (A1)
WhereP/V is the power density (W 1), p the fluid density (1456 kg that 40 °C),Ns
the speed of the stirrer (rp®)s the diameter of the stirrer (Y, the volume of liquid

in the STC (0.0005M andPo the dimensionless power number of the agitator.
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Figure Al — Power dissipation of the STC with vdratirring speed
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The oscillatory baffled crystallizers

The power density of the OBC is estimated usinggiinsi steady flow model proposed
by Baird and Stonestreet (1995):

V' 3nC3

= (1 ;2a2>xg(2”f)3 (42)

Where N, the number of baffles per unit length of OBC{mCp the discharge
coefficient of the baffles (taken as 0.X),the centre to peak amplitude of oscillation
(m), f the oscillation frequency (Hz) andthe baffle free area ratio. The free area ratio,

a is defined by the area of the orifice divided bg total baffle area.
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Figure A2 — The power dissipation of the movinghti fit baffle OBC with varied
frequencies
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Figure A4 — The power dissipation of the movingdl®BC with varied frequencies

From the graphs presented here, it can be seeththabwer dissipation is sensitive to
small changes in the frequency or stirring speethefcrystallizer. It should also be
noted that while the overhead stirrer used forSM€ could be varied in approximately
1 RPM increments, the OBC was limited to incremeait®.1 Hz. This prevents the

power density being matched, particularly at highiltatory frequencies.
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Appendix B — Determination of supersaturation

Mullin describes in detail how supersaturation bancalculated. A number of values

must be defined in order to do so:
The concentration driving force is defined as:
AC=C-C"

Where C is the saturation concentration ar@ is the concentration at the

supersaturation temperature.

The supersaturation ratio is defined as:

S—C
==

Relative supersaturation can be defined by:

AC_S )
c*

o=

Note that in Denk’s thesis, the teenis replaced with the ter@andC* by the terntCo.

C is taken at the temperature that the solutionaslenup at. For example, at 42 °C,
C=78.66 g/100 mL sat. sol.

C* is the temperature that the solution is cooledltoeach of Denk’s experiments, this
was 30 °C. S&* would be equal to 73.37 g/100 mL sat. sol.

The term sat. sol. refers to the fact that the eptrations are based on a saturated

solution.

Based on the above equations, the supersaturation be calculated for each

temperature, or, initial concentration. The resalie shown in table 4.
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Table B1 — Supersaturation for different supercuysi

Tsaf °C C Tsud °C C* AC o AT /°C

30 73.37 30 73.37 0 0 0
30.5 73.58 30 73.37 0.24 0.002862 0.5

31 73.79 30 73.37 0.42 0.005724 1
32 74.26 30 73.37 0.89 0.0121B8 2
33 74.68 30 73.37 1.31 0.01785%5 3
34 75.1 30 73.37 1.73 0.023579 4
35 75.52 30 73.37 215 0.029304 5
36 76 30 73.37 2.63 0.035846 6
37 76.42 30 73.37 3.05 0.0415f 7
38 76.84 30 73.37 3.47 0.047295 8
39 77.32 30 73.37 3.95 0.053837 9
40 77.75 30 73.37 4.38 0.059697 10
41 78.18 30 73.37 4.81 0.065558 11
42 78.66 30 73.37 5.29 0.0721 12
43 79.1 30 73.37 5.73 0.078097 13
44 79.57 30 73.37 6.2 0.084503 14
45 80.01 30 73.37 6.64 0.0905 15

Supersaturation

For a solution saturated at 40 °C and cooled t6G3the supersaturation is calculated

as follows:
C = 77.75g9/100mL C* = 73.37 g/100 mL.

AC=C—-C"=77.75—-73.37 =438 g/100 mL

AC  4.38g/100mL

= = 0.0597
C* ~ 73.37g/100mL

o =

Multiplying by 100% gives the percentage supersdiom:
0y, = 100 x 0 = 100% x 0.0597 = 5.97%
The supercooling is simply the starting temperatnigus the final temperature:
AT =T, — T, = 40°C — 30°C = 10°C
Determination of supersaturation for a supercoolirgf 1 °C
AT =31-30°C=1°C
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C* = solution concentration at supersaturation{@pP= 73.37 gNaCIlg/i100mL sat. sol.
C = solution concentration at saturation (31 °@)3=79 gNaCl@100mL sat. sol.

S=0c+1

5—(6_6*)+1
- (=

_ (73.79 — 73.37)
B 73.37

= <0.42>+1
~\73.37

S =1.0057
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Appendix C - Comparison of recycled and fresh stamhg material

The material used for these trials comes in thoem$:
1) The material purchased from Fisher Scientifibis is termed the “fresh” material

2) The mother liquor that was completely dried gsarrotary evaporator. The resulting

dry powder is the “recycled A” material.

3) The mother liquor that was evaporated to makers concentrated solution. The
solution yielded material on cooling. This filtdrenaterial is termed the “recycled B”

material.

The recycled sodium chlorate must be compared dofrksh sodium chlorate
delivered from Fisher. We suspect that theredgfarence in the purity of the starting
materials. A qualitative analysis was performedingisa Hach DR/4000

spectrophotometer in the wavelength range 276 -néb@s presented in Figure C1.

9.185 : : : .
ABS :

-9.012 — ' : :
276.8 A nm 650.08

Figure C1 — Analysis of fresh material

From Figure C1 above, it can be seen that thege dkear peak around the 370 nm
region. In order to investigate the purity of theaterials further, analyses were
performed in the range of 360 — 380 nm. FiguresC@Xhow the traces for the fresh

material, recycled A, and recycled B material.
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Figure C2 — UV-Vis analysis of fresh material
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Figure C3 — UV-Vis analysis of recycled A material
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Figure C4 — UV-Vis analysis of recycled B material

From The above analysis, it can be seen that théyprofiles of Figures C2 and C3

are almost the same. There is only a slight cham@fee width of the peak seen to the
right hand side of the chart. It would be reasémab assume that the purity of the
fresh material is similar to that of the materibtained by completely drying the mother

liquor in the rotary evaporator.
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Looking at Figure C4, it is apparent that the maleurity is vastly different to
the other materials. The trace is much more jaggegpearance and the absorbance is

much less when compared to the other material.

Based on the similarity in the purity profiles ftre fresh and recycled A
material, we consider the material to be intercleaite. When the mother liquor is not
evaporated to complete dryness, but instead comtedi cooled and filtered, the
material adopts a purity profile unlike that of tfresh material. The recycled B

material is therefore unsuitable for use in cryztaion experiments.

A final test of the material suitability can be aeaby performing some of the
earlier experiments with the recycled A materi@leeded crystallizations in the STC
and the OBC | at 12 Wrhmixing were performed with a left handed seeddohecase.
The OBC yielded crystals with 95.15 % similaritythee seed (compared to 94t30.6
% from the fresh material with left handed seedBije STC yielded crystals with 100
% similarity to the seed crystal, an identical ome to the fresh material work. It
would seem that using a rotary evaporator to cotalyledry the mother liquor is a

suitable method of recovering material for useuirtifer experimental work.
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Appendix D — The number of crystals of each enantmaorph obtained
in the seeded work

This Appendix collects all of the experimental datam this thesis work and defines

the number of seed-similar and seed-dissimilartaly®btained in each test.

The number of crystals produced by PTFE agitators

Table D1 — The number of crystals obtained fromSh€

Ns (RPM) N" N' Nt Similarity
65 1089 0 1089 100
65 569 0 569 100
65 1161 0 1161 100
145 2594 0 2594 100
145 330 0 330 100
145 815 0 815 100
258 1860 0 1860 100
258 2690 0 2690 100
258 853 0 853 100

Table D2 — The number of crystals obtained fromsitraped STC

Ns (RPM) N" N' Nt similarity
65 2521 200 2721 92.65
65 3351 190 3541 94.63
65 79 1 80 98.75
145 7213 0 7213 100.00
145 3943 38 3981 99.05
145 5988 503 6491 92.25
258 5904 161 6065 97.35
258 3610 246 3856 93.62
258 4801 183 4984 96.33
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Table D3 — The number of crystals obtained fromsitraped OBC

30mm St= 0.26525824
f(Hz) N" N' N T similarity
0.4 1335 84 1419 94.08
0.4 1486 79 1565 94.95
0.4 1147 44 1191 96.31
1 4155 42 4197 99.00
1 4221 297 4518 93.43
1 4409 336 4745 92.92
2 4678 346 5024 93.11
2 3626 380 4006 90.51
2 4444 324 4768 93.20
15mm St= 0.53051648
f(Hz) N" N' N T similarity
0.8 757 43 800 94.63
0.8 1323 3 1326 99.77
0.8 1253 13 1266 98.97
2 1934 37 1971 98.12
2 939 42 981 95.72
2 1162 18 1180 98.47
3.3 835 61 896 93.19
3.3 3290 50 3340 98.50
3.3 1595 39 1634 97.61
7mm St= 1.13682102
f(Hz) N" N' Nt similarity
2 1817 40 1857 97.85
2 6567 0 6567 100.00
2 3250 2 3252 99.94
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Table D4 — The number of crystals obtained fromuthgcraped OBC

X= 30mm St= 0.26525824
f(Hz) N" N' N T Similarity
0.8 1660 0 1660 100.00
0.8 1416 43 1459 97.05
0.8 10394 13 10407 99.88
3 4778 19 4797 99.60
3 586 1 587 99.83
3 14029 140 14169 99.01
2 1044 12 1056 98.86
2 3293 16 3309 99.52
2 1965 25 1990 98.74
X= 15mm St= 0.53051648
f(Hz) N" N' N T Similarity
2 5362 2 5364 99.96
2 1604 1 1605 99.94
2 1549 9 1558 99.42
X= 7mm St= 1.13682102
f(Hz) N" N' N1 Similarity
2 4517 0 4517 100.00
2 988 0 988 100.00
2 2851 0 2851 100.00
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Table D5 — The number of crystals obtained fromntioering fluid OBC

X= 30mm St= 0.265258
f(Hz) N" N' N T similarity
2 491 36 527 93.17
2 937 103 1040 90.10
2 343 33 376 91.22
X= 15mm St= 0.530516
f(Hz) N" N' N Tt similarity
0.8 1461 270 1731 84.40
0.8 614 143 757 81.11
0.8 580 133 713 81.35
2 1900 49 1949 97.49
2 772 34 806 95.78
2 698 38 736 94.84
3.3 1801 292 2093 86.05
3.3 820 106 926 88.55
3.3 907 201 1108 81.86
X= 7mm St= 1.136821
f(Hz) N" N' N1 similarity
2 520 10 530 98.11
2 831 37 868 95.74
2 596 8 604 98.68
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Table D6 — The number of crystals obtained fromsiaed, moving fluid OBC

X=30mm St= 0.265258
f(Hz) N" N' N T similarity
2 97 15 112 86.60714
2 531 54 585 90.76923
2 214 29 243 88.06584
X= 15mm St= 0.530516
f(Hz) N" N' N T similarity
0.8 10 0 10 100
0.8 266 0 266 100
0.8 374 0 374 100
2 487 0 487 100
2 358 0 358 100
2 819 0 819 100
3.3 162 0 162 100
3.3 557 0 557 100
3.3 10 0 10 100
X= 7mm St= 1.136821
f(Hz) N" N' N1 similarity
2 5 0 5 100
2 34 0 34 100
2 69 0 69 100

Table D7 — The number of crystals obtained fromsiaed, moving baffle OBC

X=30mm St= 0.26525824
f(Hz) N" N' Nt similarity
2 1217 93 1310 92.90
X= 15mm St= 0.53051648
f(Hz) N" N' Nt similarity
2 1921 116 2037 94.31
X= 7mm St= 1.13682102
f(Hz) N" N' Nt similarity
2 2187 63 2250 97.20
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Table D8 — The number of crystals obtained fromrtteving baffle OBC with no top
baffle

X= 15mm St= 0.53051648
f(Hz) N" N' N T Similarity
0.8 4203 31 4234 99.27
0.8 1854 8 1862 99.57
0.8 1684 3 1687 99.82
2 3555 10 3565 99.72
2 799 3 802 99.63
2 1543 13 1556 99.16
3.3 1067 9 1076 99.16
3.3 1886 14 1900 99.26
3.3 1057 0 1057 100.00

Table D9 — The number of crystals obtained from rtiteving fluid OBC with no top
baffle

X= 15mm St= 0.530516

f(Hz) N" N' N Tt similarity
0.8 694 68 762 91.08
0.8 294 12 306 96.08
0.8 991 9 1000 99.10
2 541 13 554 97.65
2 549 4 553 99.28
2 1367 32 1399 97.71
3.3 702 24 726 96.69
3.3 1492 65 1557 95.83
3.3 543 20 563 96.45

The number of crystals produced by stainless steabitators

Table D10 — The number of crystals obtained froem$A C with steel impeller

Ns (RPM) N" N' Nt similarity
65 827 0 827 100
65 757 0 757 100
65 495 0 495 100
145 1777 0 1777 100
145 1933 0 1933 100
145 1097 0 1097 100
258 2580 0 2580 100
258 5799 0 5799 100
258 2908 0 2908 100
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Table D11 — The number of crystals obtained froenstraped moving baffle OBC with

stainless steel baffles

X=30mm St= 0.26525824
f(Hz) N" N' N T Similarity
0.4 3527 550 4077 86.51
0.4 1374 39 1413 97.24
0.4 1000 222 1222 81.83
1 2872 0 2872 100.00
1 4559 0 4559 100.00
1 5410 12 5422 99.78
1.6 1516 519 2035 74.50
1.6 1042 125 1167 89.29
1.6 3365 241 3606 93.32
X= 15mm St= 0.53051648
f(Hz) N" N' N1 Similarity
0.8 682 75 757 90.09
0.8 2015 0 2015 100.00
0.8 1076 33 1109 97.02
2 1975 56 2031 97.24
2 1701 27 1728 98.44
2 660 20 680 97.06
3.3 1961 0 1961 100.00
3.3 905 39 944 95.87
3.3 1216 62 1278 95.15
X= 7mm St= 1.13682102
f(Hz) N" N' N1 Similarity
2 1332 31 1363 97.73
2 1337 9 1346 99.33
2 1490 24 1514 98.41
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Table D12 — The number of crystals obtained from uhscraped moving baffle OBC

with stainless steel baffles

X=30mm St= 0.26525824
f(Hz) N" N' N T similarity
0.8 8281 325 8606 96.22
0.8 936 31 967 96.79
0.8 1555 6 1561 99.62
2 2875 0 2875 100.00
2 2504 0 2504 100.00
2 1057 9 1066 99.16
3 878 0 878 100.00
3 1337 19 1356 98.60
3 1610 19 1629 98.83
X= 15mm St= 0.53051648
f(Hz) N" N' Nt similarity
2 1924 0 1924 100.00
2 210 1 211 99.53
2 1004 1 1005 99.90
X= 7mm St= 1.13682102
f(Hz) N" N' Nt similarity
2 3458 0 3458 100.00
2 1440 3 1443 99.79
2 339 25 364 93.13

Table D13 — The number of crystals obtained froenrttoving fluid OBC with stainless

steel baffles

X= 15mm St= 0.530516

f(Hz) N" N' N1 Similarity
0.8 688 41 729 94.38
0.8 685 36 721 95.01
0.8 555 9 564 98.40
2 1090 a7 1137 95.87
2 242 3 245 98.78
2 287 28 315 91.11
3.3 547 46 593 92.24
3.3 550 24 574 95.82
3.3 176 3 179 98.32

141



Table D14 — The number of crystals obtained fromdbaled, moving fluid OBC with

stainless steel baffles

X= 30mm St= 0.265258
f(Hz) N" N' N T similarity
2 393 0 393 100.00
2 182 0 182 100.00
2 853 105 958 89.04
X= 15mm St= 0.530516
f(Hz) N" N' N1 similarity
2 224 0 224 100.00
2 1340 0 1340 100.00
2 1367 0 1367 100.00
X= 7mm St= 1.136821
f(Hz) N" N' N1 similarity
2 1166 0 1166 100.00
2 332 0 332 100.00
2 366 0 366 100.00
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Appendix E — Preliminary results from Nanosight investigation

Previous work has shown the OBC to nucleate sodiblorate crystals via a different
mechanism to that seen in the STC. One possibmthgses is that a two-step
nucleation model may be responsible for this. tdeo to provide some scientific
insight into these phenomena, the same apparatusitiliaed in order to investigate the

presence of nanostructures, an indicator of a psectio nucleation, in the system.

The OBC was filled with water initially to detema the background for which
the sodium chlorate solution can be compared tche OBC was run at varied
amplitudes (30, 15, and 7 mm) at fixed amplitudd ¢fz. Samples were then taken at
various times under each mixing condition and aiedastage temperatures at the
nanosight apparatus: 40, 30 and 20 °C.

Looking at Figures E1 and E2 below, it appears sloate nano-structures exist
in the solvent under oscillatory flow condition#. would appear that the average size
reduces slightly with a reduction in temperaturigfe E1) but no real change in the

average size is seen with varied amplitudes.
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Table E1 — The mean nano-structure size (nm) fdows amplitudes and temperatures
in the OBC

30 mm amplitude  Mean size (nm)

40°C 30°C 20°C
Sample 1 251.45 233.16 159.96
Sample 2 222.18 167.7 134.94
Average 236.815 200.43 147.45

15 mm amplitude  Mean size (nm)

40°C
Sample 1 197.49
Sample2 306.58
Average 252.035

7 mm amplitude Mean size (nm)

40°C
Sample 1 155.26
Sample 2 221.84
Average 188.55

Based on Table E1, it would seem that structuretowgpproximately 300 nm
could exist due to the water used for making upsttdium chlorate solutions. It would
be reasonable to “subtract” particles of <300 nwmfrthe PSD obtained for the
nanostructures seen in the sodium chlorate sokitidhthe particles less than 300 nm
are disregarded, it is clear that larger structamespresent in the system under these

conditions.

Considering the plots in Figures E3-E5, there setnt® little variation in the
mean particle size with varied amplitudes and teatpees, however it is important to
notice that the concentration of the nano-strustuegluces somewhat with a reduction

of the temperature at which the samples are taiken the OBC.
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Table E2 — The average patrticle size of the nanwtsires detected by nanosight in the

OBC under various amplitudes and temperatures

Amplitude 30 mm 15 mm 7 mm
Temp (°C) 40 30 20 40 30 20 40 30 20

Samplel 251 534 590 Samplel 441 564 444  Sample 1l 556 295 432
Sample2 222 471 533 Sample2 580 569 399 Sample 2 460 466 424
Sample 3 392 467 377
Sample 4 286 437 501

Ave. 236 502 562 425 509 430 508 380 428

The fact that the mean patrticle size doesn’t seeirthange much with varied
crystallizer conditions is somewhat disappointifigwould make sense to envisage that
the number of nano structures and their size woaly greatly with the operating
conditions of the OBC, particularly amplitude/fremey variations (Ni et al.
investigated droplet size distribution with variG@quencies and amplitudes [107]).
One possible reason for this could lie with the that crystallizing solutions have been
recognised as having a memory effect [174], whi@y mffect the outcome of such an
experiment. In order to investigate this, a frestlution was generated and the 7 mm

tests repeated.

Table E3 — The mean patrticle size for the OBC anm amplitude and various

temperatures for a fresh batch of solution

7 mm Mean size

40 30 20
1 776.71 426.65 491.42
2 506.84 548.75 439.84
Average 641.775 487.7 465.63

From the data in Table E3, it would appear thatatherage mean particle size is
larger in each case when a fresh solution was pedpaA statistical test on the data
reveals, however, that this may be an insignifichfierence (Kruskal-Wallis P=0.2, 95
% confidence). That said, limited experimentaletinesulted in only two tests at each

condition being performed. Repeating the invesibga but with a fresh batch of
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material each time the conditions are changed dhauhimize any effect of the

influence of a solution memory phenomenon.
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Figure E1 - The particle size distributions fortdrked, distilled water in the OBC
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Sodium chlorate 40°C, 1 Hz, 30 mm
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Figure E3 - The particle size distributions fotdied, sodium chlorate solution in the
OBC operating at 1 Hz and 30 mm. The particle sias determined by nanosight at
40 °C (top), 30 °C (middle) and 20 °C (bottom)
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Sodium chlorate 40°C, 1 Hz, 15 mm
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Sodium chlorate 40°C, 1 Hz, 7 mm
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OBC operating at 1 Hz and 7 mm. The particle gias determined by nanosight at 40
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Sodium chlorate 40°C, 1 Hz, 7 mm
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Figure E6 - The particle size distributions fotdiked, sodium chlorate solution in the

OBC operating at 1 Hz and 7 mm and with a freshitswl. The particle size was
determined by nanosight at 40 °C (top), 30 °C (reiddnd 20 °C (bottom)
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Although there does not appear to be a significgdmnge in the average
nanostructure size with varied crystallizer cormhs, there does appear to be a marked
change in the concentration of the detected pastiethen the mixing conditions are
altered. At first glance of Figure E3, the concativn of the particles seems to be
higher at the 30 mm test compared to those at @85 anm amplitudes (Figures E4 and
E5 respectively). This is consistent with the idmslkarity to the seed crystal in the work
presented in this thesis, where a greater disgityiia seen at 30 mm amplitude than at
7 mm amplitude. The total number of tracked pbasic(Table E4) can then be

examined and the above effect quantified.

Table E4 — The number of detected structures inQBE at varied amplitudes and

temperatures
Temperature (°C)

X (mm) 40 30 20
183 783 475
! 253 412 394
102 147 143
179 221 169
15 223 400 562
180 185 650

26 21 18

30 29 59 58

It would seem from the data in Table E4 that theray be a relationship
between the oscillatory amplitude and the numbestroictures that exist in the solution,
with a much larger number of structures presenthia samples taken when the
amplitude is low compared to when it is high. slimportant to remember that in this
case the solution was recycled for each of the itumagls studied, and a memory effect
may influence these findings. Coupling the OBChwit sophisticated method of
analysis such as the NTA and a sound experimeatadjd may provide the opportunity

to build upon the findings of this thesis.
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