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Abstract

A current morphological population balance (MPB) modelling methodology, which integrates crystal
morphology, facet growth kinetics with multi-dimensional population balasagverviewed and
demonstrated, hence providing an attractive approach for modelling crystallisation processes. MPB
modelling is applied to simulate the batch crystallisation of the alpha-form of para-aminobenzoic acid
from ethanolic solutions as a function of the crystallisation environment including cooling rate,
seeding temperature and seed conditions (loading, size and shape). The evolution of crystal shape/size
and their distributions revealed that higher loading led to smaller and less needle-like crystals with
similar yields, hence potentially being an important parameter for process control. Exanohation

the development of the fracture surface for broken seeds, mimicking the seed conditions after milling
in practice in the simulated processes, demonstrated that these faces grew fast and then rapidly
disappeard from the external crystal morphology. Restriction and challenges inherent in the current

model are also highlighted.

Keywords: Morphological Population Balance, Crystal Shape Distribution, Crystal Size

Distribution, Crystallisation, Para-aminobenzoic Acid, Crystallisation Environment
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1. Introduction

Recent reviews (Bell, 2017, Maier, 2017) have highlighted that the development of new technologies
has the potential to deliver a step-change in the way we make medicines through the adoption of state-
of-the-art simulation-based tools. Through thispre ‘near patient’ medicines (combination
medicines, wider range of dosage forms, stratified formulation) can be delivered through the much
greater agility provided by digital design and automation. Digital design potentialiglps the route

to the preparation of the solution re-crystallised pharmaceuticals which have e.g. low structural
variability, high purity and narrow size/shape distributiothwéoncomitantly enhanced product
properties. Such materials could have significant patient benefits such as narrow therapeutic profiles,
higher stability and longer shelf life, greater content uniformity, etc. and as such represent a critical
objective for the delivery of medicines with pre-defined properties for industry and society. Active
pharmaceutical ingredient (API) and excipients used in their formulation often have well-defined
crystal morphologies and hence surface chemiatrg thus their physical properties can be defined

and manipulated through modelling, optimisation and control of crystallisation peac8&ssh

surface properties can provide the key parameters for delivering both drug product quddigs(suc

high purity and lack of variability) and performance (such as bioavailability and stabilitygJsand
ensuring the same particles encompassed within the API are present in the formulated drug product

and are also transferred from R&D into manufacturing stage.

Most drugs are still manufactured in the traditional way, i.e. through processes designed to deliver
tasks such as crystallisation for enabling product purity, form and yield. However, each of these
discrete steps is not necessarily considering and/or directly linking with their resultant effect of the
resultant crystal properties on the downstream processes. Theraforgstallisation process
generally produces crystals with dispersion of size/shape. However, for the growing area of targeted
medicines, such variations create challenges as they have mindfut piotemtials to affect the drug
crystals dissolution and hence its efficacy, i.e. crystals with different sizes/shapes create variability
in the in-vitro dissolution. Currently, to achieve the required size/shape and their distributions for
drug formulation, crystal particles are milled to effect the size reduction needed. Howeler, suc
intensive mechanical processicgn impact on the crystal’s surface properties through the creation

of new high surface energy, fracture surfaces and lattice defects such as dislocatroelsaas
significantly enhancing surface roughness and hence area. In extreme cases, milliagsean c
polymorphic form transformation. Similarly, blending/granulation for mixing with binder/excipients

to produce granules may need to be broken into smaller size for compaction/tableting processes. In
principle, crystals and excipients could be produced with a much tighter specification such that they

could be directly compressed and tabletted into the final product without the need for milling and
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granulation processes, and also avoiding variability due to changes in, and/or damage to, crystal
surface properties. In pharmaceutical product development, crystallisation processes are widely used
but many ingredients exhibit needle-like, plate-like or rod-like crystal morphologies, which can
directly affect the& downstream partie processing properties such as filterability, flowability,
tabletability. Therefore, digital design of crystallisation processes based on first-principles physical

chemical models can become an important bottleneck to breakthrough.

Traditional population balanc&B) models use a length (or radius of a volume equivalent sphere)
for one-dimensional characteristic size or length and width for two-dimensional characteristic sizes
with a shape factor for calculating crystal volume. Assuming the crystal morphology does not change
during crystallisation processes, the evolution of crystal shape/size could be represented (e.g.,
(Lovette et al., 2008, Zhang and Doherty, 2004, Kuvadia and Doherty, 2013)). MorphoRigical
(MPB) (e.g. (Ma et al., 2008)) was developed to remove the assumption that crystal morphology is
invariant during crystallisation, through directly integrating both base crystal morphology and face-
specific growth kinetics with the PB model, hence capturing the change of crystal shape/size and
through this their face {hkl}-specific properties. A more detailed review of previous work is given in

Supplementary materials (S1).

In this paper, the MPB methdd overviewed and demonstrated through a numerical study of a
pharmaceutical compound;pABA, crystallised from ethanolic solution. In this, the face-specific
growth mechanisms and rate equations were obtained by fitting the experimental data as obtained
from the literature (Toroz et al., 2015). The performance of crystallisation processes is examined
using MPB modelling to predict the evolution of crystal shape/size distributions in a seeded batch
cooling crystalliser under different cooling rate, seeding and seed conditions including assessing the

impact of broken seeds on the properties of the final products.

2. Morphological Population Balancefor Crystallisation Process Design
2.1 MPB Modelling Framework

The framework for prediction of the distributions of crystals size and shape for crystallisation
processes using MPB modelling is schematically shown in Figure 1. For the known crystal shape and
size, the centre of the crystal and the corresponding normal distances from individual faces, which
can be defined by the Miller Index {hkl} (a notion system in crystallography for crystal plaresy/fac
such as {hkil1}, {h 2kol2} and {hskal3} in Figure 1, to the centre can be determined with individual
variables such ag % and % in Figure 1. During crystallisation processes, these variables are under

continuous evolution as the processes are controlled by various crystallisation mechanisms including

4
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nucleation, growth, agglomeration, breakage and crystallisation environment. Therefore these
variables can be treated as the independent variables for the formulation of MPB equation. As shown
in Figure 1, nucleation, face-specific growth kinetics, face-based agglomeration and breakage kernels
are the key input parameters for MPB modelling, which can be determined through various modelling
and experimental studies. The solution of the MPB equation will generate the evolution of these
independent variables, i.e. normal distances, of all crystals, hence their distributions at each
crystallisation time. Based on the known crystal morphology, each combination of normal distances
(x1, X%, x3) represents a crystal shape with the distribution providing the number of crystals having
this shape. Therefore, after the crystal size/shape analysis, a crystal shape distribution can be formed
and examined to see whether the distribution meets the requirements for precision particles. If not
(Figure 1), the MPB can optimise and control the crystallisation environment, hence achieving the

required crystal shape distribution.



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164
165
166
167
168

169

170

VisualHABIT
/M easur ement

i Crystal cefitre & facet!
| _ normal @istances__;

Nucleation  Facet Growth Agglomeration

M or phological

Population s

/
ﬁ% qBaI ance (M PB)
|

MPB Equation

D
a7 f(nucleation, facet growth,agglomeration,

breakage, hydrodynamics,time ...)

U

[Solution of MPB Equation & Crystal Size/Shape Analysig]

Control of
tallisation
ronment

&
53 U\}‘»&‘ 5380
Particles with pre- ’@@@@ >

defined properties

Figure 1. Schematic of a framework for digital design of crystals with pre-defined size/shape and
their distributions using MPB modelling. Note thatKhi}, {h2kal2} and {hsksls} are the Miller
Indices of the crystal and,x¢ and x% are the corresponding normal distances from the individual
faces to the centre of the crystdl,and t are the number population density function of crystals and

crystallisation processing time, respectively.



171 2.2 MPB Model Formulation

172 The general PB model formulation to describe particulate systems with internal and external variables
173 can be found in literature (e.g., (Hulburt and Katz, 1964, Ramkrishna and Mahoney, 2002, Randolph
174 and Larson, 1988)). In this study, the MPB methodology identifies and defines the normal distances
175 from faces ({hkuli}, {h2kol2} and {hsksls}) to the crystal centre as three independent dimension
176 variables (x », x3), respectively, as shown in Figure 1. The PB equation for seeded batch cooling
177 crystallisation processes in a well-mixed batch crystalliser without nucleation, agglomeration and
178 breakage to simplify the case study of MPB for pharmaceutical crystallisation caittee as (e.g.,

179 (Ma and Roberts, 2018, Ma et al., 2008, Marchal et al., 1988, Puel et al., 2003)):

1 0 0 3}
180 VT(t) E [(D(xll x2' x3l t)VT(t)] + a_xl [q)(xl, xZ, X3, t)Gl(xl, t)] + a—xz [CI)(xll le X3, t)GZ(xZJ t)] +
181 6673 [ (x1, X2, X3, 1) G5 (x5, £)] = 0 (1)

182 where \ is the total volume of solution (or slurry after seeding) in a crystallisethe processing

183 time; @ is the number population density function of crystalgi € 1, 3) is the growth rate in the x

184 (i = 1, 3) direction. The corresponding initial condition is the size/shape distribution as a function of
185 the three variables {x%, x3) at the time of zero, i.e®(x;, x5, x3,t)|: = o = 0. For a batch cooling

186 crystallisation process, the boundary conditions for Bcar@d)(xlji,xzjj,x&k, t)|i —1orn, = 0(=

187 1, Ny k = 1, N), ®(x15%25%30t)j=10rv, =0 ( = 1, Ny k = 1, N) and

188  ®(xy; %2/, %350 O)lk=10rn, = 0 (i =1, Njj=1, Np), where N, Nz, Ns are the total number of

189 classes for the {(xx, x3) size domains (see the Supplementary materials (S3) for the definitions of
190 other parameters). It is worth to note that three dimensian®(xs) are not Cartesian coordinates,

191 hence they are not perpendicular to each other. Furthermore, depending on the number of independent
192 crystal faces identified, the MPB techniques can generate the MPB equation with the corresponding
193 number of dimensions. The growth rates of individual faces sugthasl1}, {h 2kal2} and {hsksls})

194 can be obtained through fitting with measured crystal growth data (see more detail in the
195 Supplementary materials (S2)). The discretisation method can be used to form multi-dimensional
196 ordinary differential equations for their solution with a standard solver such as the Runge-Kutta-

197 Fehlbergh solver (see further details in the Supplementary materials (S3) and Section 3.2).
198
199
200
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3. MPB Modéelling of a-pABA Crystallised from Ethanolic Solutions
3.1 Materials and Solute-Solvent System

The organic compound, para aminobenzoic acid, provides an important representative compound for
fundamental study (Rosbottom et al., 2017, Rosbottom, 2016, Toroz et al., 2015, Rosbottom et al.,
2015, Sullivan et al., 2014, Nguyen et al., 2014). dpolymorphic forma-pABA, can be readily
crystallised from ethanol solvent in a 0.5L batch crystalliser using a seeded cooling process. The
pPABA molecular structure shows that it consists of a phenyl ring with a carboxylic acid group and an
amino group in the para position (Rosbottom et al., 2015). Through crystallographic studies and
molecular modelling, the--pABA crystal morphology (Figure)Zan be characterised by 8 stable
crystal faces (32101}, 2{10-1} and 4{011} faces)in a monoclinic crystal structure with the space
groupP2/n (Rosbottom et al., 2015). TlepABA crystal structure comprises two molecules in the
asymmetric unit and eight molecules in the unit cell with cell dimensiond:855 A, b=3.86 A, ¢

=18.64 A andp = 93.56 (a, b, ¢ angs are the unit cell parameters) The intermolecular packing
arrangement within the structure is dominated by the formation of two non-equivalent OH---O H-
bonding dimers between neighbouring carboxylic acid groups, anbyatsor stacking interactions

created by the head to heat stacking motif of the pABA molecules along the b direction. Overall, the
o form of pABA crystal is observed to have a needle-like or lath-like morphology elongated along
the b-crystallographic axis which astypical crystal shape for many pharmaceutical solids. Further

detail can be found in literature (Rosbottom et al., 2015, Toroz et al., 2015).

Based on the crystal morphology@ipABA (Figure 2) and the definition of independent variables
for MPB modelling in Section 2, the three variables for MPB simulatian-pABA crystallisation

from ethanol can be determined as shown in Figure 2.
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Figure 2. The a-pABA crystal shape (single crystal image from (Rosbottom, 2016) and prediction
by VisualHABIT (Clydesdale et al., 1991, Clydesdale et al., 1996, Pickering et al., 2017)) and the
definitions of the three independent dimension variables(%s) perpendicular to its three dominant
crystal faces {101}, {10-1}, {011} for MPB modelling.

The solubility of a-pABA in ethanol solvent were obtained from literature (Toroz et al., 2015,
Rosbottom et al., 2017) using an isothermal technique. The experiments were carried out at the 1.5

ml scale with 300 rpm micro magnetic-bar stirring using an Avantium Crystall6 unit.

The facet crystal growth rates in thex and % face directions ofi-pABA growing in ethanol were
measured by an optical microscopy in a crystal growth cell (Toroz et al., 2015), with more detail to
be found in (Toroz et al., 2015, Nguyen et al., 2014).

3.2 Crystallisation Environment and MPB Solution

The obtained three dimensional MPB equation, together with available solubility and faceted growth
rate equations based on single crystal experimental data from Toroz et al. (Toroz et al., 2015), was
solved with the following operating conditions: cooling ra@RY of 0.5 C/min, saturation
concentration of 0.222 kg/kg (saturated temperature €4 Seeding point of 20°6 with the
corresponding supersaturation, S, (= solute concentration (C) / solubility) of 1.5, seeddbdisg

(by mass), and seed meanx and x of 22, 37 and 58m. Using the above operating conditions as
9
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a base case (green coloured in Table 1), further simulations were carried out to investigate the effect

of different operating conditions (Table 1) on the crystal size/shape evolutianpéBA

crystallisation, including differenER of 0.05— 1.5°C/min, various seeding temperatures.4d of

20.5- 39.0°C (corresponding to supersaturation at the seeding pouatg}(& 1.5— 1.1), different

seed loadings (Xed3 of 0.1— 5.0%, initial mean size/shape of seeds.(M (x;, x,, X3) are the mean

sizes of variable ¢xx, %) and the corresponding,(, o,,,0,) are the standard deviations), and
other special operating conditions such as broken seeds. All of the simulations were terminated when
the supersaturation reached to 1.01, indicating that crystal growth in all face directions became close

to zero, hence any further crystallisation process would not vary the size/shape distributions, yield of

the final products.

Table 1. Operating conditions used for MPB simulations

Cooling rate (CR)

CR Saturation | Saturation Seeding| Sseeds| Xseeds Mseeds Seeds standard
(°C/min) | concentratior] T (°C) point— ) (% | (x4, %, X3) deviations -
C (kg/kg) Tseeds(°C) mass)  (um)  |(Oy,,Ox,, Ox,) (LM)
0.05 0.222 45 20.5 15| 0.1 | 22,37,58 8,8,8
0.5 0.222 45 20.5 15 | 0.1 | 22,37,58 8,8,8
1.0 0.222 45 20.5 15| 0.1 | 22,37,58 8,8,8
15 0.222 45 20.5 15| 0.1 | 22,37,58 8,8,8
Seeding point (Tseeds OF Sseeds)
0.5 0. 222 45 39.0 1.1 | 0.1 | 22,37,58 8,8,8
0.5 0. 222 45 33.7 1.2 | 0.1 | 22,37,58 8,8,8
0.5 0. 222 45 28.9 1.3 | 0.1 | 22,37,58 8,8,8
0.5 0. 222 45 24.7 14 | 0.1 | 22,37,58 8,8,8
0.5 0. 222 45 20.5 15| 0.1 | 22,37,58 8,8,8
Seed loading (Xseeds)
0.5 0. 222 45 20.5 15| 0.1 | 22,37, 58 8,8,8
0.5 0. 222 45 20.5 15| 05 | 22, 37,58 8,8,8
0.5 0. 222 45 20.5 15| 1.0 | 22,37,58 8,8,8
0.5 0. 222 45 20.5 15 | 2.0 | 22,37,58 8,8,8
0.5 0. 222 45 20.5 1.5 | 5.0 | 22,37, 58 8,8,8
Seed mean shape (M seeds)
0.5 0.222 45 20.5 15| 0.1 | 22,37,58 8,8,8
0.5 0. 222 45 20.5 15| 0.1 | 22,27,40 8,8,8
0.5 0. 222 45 20.5 1.5 | 0.1 |22, 27,131 8,8,8

10
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The typical seeds distributions for perfect and broken crystals are shown in Figure 3. With fixed mean
sizes, Meeds (X1, X2, X3) of (22, 37, 58um) and standard deviati@ngs, o,,, o,,) of (8, 8, 8um), a
Gaussian distribution of seeds crystdi$x,, x,, x5, 0), can be obtained using the pre-defined seeds
loading (X%eedd. With the same amount of seed loading, the case with broken seeds (Figure 3b) has
higher number of crystals. In Figure 3b, the bottom horizontal axis, z, is based on the facat {011}

the side without breakage, i.e. the right side of the crystals, whilst the top horizontal axis is based on

the broken face (010).
2798200
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(@)

7840
22,37,45

Crystal NO# , s

0 40 80 120 160
x5 (mm)
(b) 4200000
(22,37,58,2
. ~ Normal distance (010) [pm)
0 N 20 40

(22,37,79,31

4] 40 30 120 160
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Figure 3. Typical seeds shape/size distributions: (a) perfect seed crystals, (b) broken seed crystals at
the mean normal distances of fa¢&81} and {10-1}, i.e. x and %. Note that the three values in the
brackets in a) represent the normal distances of fd€4g, {10-1} and {011}, and the first three

values in the brackets in b) represent the normal distances of faces {101}, {10-1} and {011} with the

fourth one for the broken face (010).

With the MPB equation and discretisation method described in the Section 2.2 and Supplementary
materials (S3), respectively, tha,(x, x) 3D domain of normal distances was discretised into (70,

70, 70) classes over the size ranges of three normal distances. The discretised MPB equations,
together with a Gaussian-type initial distribution of seeds size/shape (as shown in Figure 3), and the
other operating conditions (as listed in Table 1), were solved using the Runge-Kutta-Felifatgh 4

order solver (Shampine and Watts, 1977) with an automatic time-step control to obtain the evolution

of normal distances in three face directions.

4. Resultsand Discussion
4.1 Solubility and Facet Growth Rates

The data obtained from literature (Toroz et al., 2015) were analysed to obtain the following solubility
equation:

Cr = e(— 22 4+ 2.3333)

2)
where T is the solution temperatuf€}

The experimental data of face-specific experimental data of growth rates of single crystals in a growth
cell was collected by Toroz et al. (Toroz et al., 2015). The corresponding growth cell sebg can
found in Nguyen et al. (Nguyen et al., 2014, Turner et al., 2019). Based on the experimental data
(Toroz et al., 2015) and the face-specific growth kinetics described in the Supplementary materials
(S2), the fit of growth rate in the face direction of {011} as a function of supersaturation was found
to correspond to an RIG mechanism (r = 1 in Eq.)fSelren at low supersaturations. The

corresponding facet growth rate of face {011}, G as follows:

$—-1.0015
8.65X10~4+

Gz = G{011} = T ®3)

2.0x10°x(S—1.0015)0

From Eq. (3), it can be seen that the diffusion related term with a value of 8®5s over 2 times

magnitude larger than that for the surface integration term 18°). Therefore the rate of crystal

12
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growth of face {011} is diffusion limited by diffusion mass transfer (Camacho et al., 2016), i.e. the
crystal growth is controlled by how fast the solute molecules in bulk solution diffuses from the bulk
solution and across the solid/solution boundary layer for integrating with (growing on) the crystal
face. From molecular modelling studies (Rosbottom et al., 2015, Toroz et al., 2@1b)- «
interactions dominate the growth on the {011} faces and the attachment of pABA molecules via the
7 - 7 stacking motif may lead to a solid-solid integration mechanism at the surface, hence any growth
spirals present at this surface. Therefore the diffusion of molecules to the surface controls the growth
of face {011}, as also indicated by Eq).(3

The fitting of the growth rate in the {10-1} face directiory, Gorresponds to a birth and spread (B&S)
growth mechanism (Eq. (9)2with the following equation:

5$-1.01

G, = G{10 — 1} =

T (4)

4.0x10%4x(S-1.0 1)‘1/6><exp(5_0i501)

9.54%10~3+4

As both the diffusion related term and surface integration term have similar values (see E@ (4)), th
diffusion (mass transfer) and surface integration have the similar effect on the crystal growth of face
{10-1}.

It was found that the growth ofpABA crystals in the {101} face direction was too slow to measure
directly and thus the {101} face growth rate;, @vas estimated from Gbased on the ratio of

attachment energies between face {101} and face {10-1} (Rosbottom et al., 2015). Hence

G1=G{101} =0.1* G (5)

4.2 Base Case

Figure 4 shows the simulated solution temperature, supersaturation, crystal concentration, mean
normal distances {xx, x3) for face{101}, {10-1}, {011}, and the corresponding facet growth rates

ata cooling rate@R) of 0.C/min. The mean normal distance for face {011} increased rapidly with
time as the fac€011} is the fastest growing face from previous studies (Rosbottom et al., 2015,

Toroz et al., 2015), while less growth happened in x direction.

5 - - 800 600 -
(a) 2o | (b) (©)
L z - - = G1 {101}
e I E
L = E | N eeees G2 {10-1
600 2 — — {101} £ oo | {10-1}
5 . gsoy /S L %2 {101} = G3 {011}
« w
%-Tm ‘_.' —T(00) - 400 8 g — 3 {011} %
—_ 5 - E 200 - -g 200
54 0 e Cs (mol/m3) 2 2
. [}
e — —— —— — — - e
0 T T T T : i] P === 0 = == == = T " '
] 100 200 300 0 100 200 300 i) 100 200 300
Time (s) Time (s) Time (s}
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Figure 4. Typical MPB predicted results witER = 0.8C/min: (a) solution temperature (T),
supersaturation (S), crystal concentratiog)( (b) evolution of mean normal distances &, x3), and
(c) facet growth rates (GGG, Gg) in (X1, X, Xs) face directions.

Figure 5 presents the typical shape distribution-pfABA crystals in the final product with a fixed
normal distance,1xof 30.8&im, and other two normal distances, (%) varying from (45um, 105

um) to (163um, 262um). For each normal distances of (30.8, %), the corresponding crystals
shape can be generated based on the definition in Figure 2(b). Therefore, the crystal strepe and
number of crystals having this shape were plotted in Figure 5. It demonstrated that the simulated
resultscan provide the accurate and full shape information of the whole population of the crystals.
Similarly, the full shape information can be obtained from the simulation results at any individual
crystallisation time. Therefore, the evolution map of crystal shape over the whole crystallisation
process can be established. Some crystal mean shapes at different processing times are plotted ir
Figure 6. Due to the fast growth of f&§€4.1}, thea-pABA crystals became increasingly neetiles

with time. The aspect ratio > (where X% and % are the mean values of, xz at a crystallisation

time), increased from 2.2 (seeds) to 5.3, then reduced slightly to 4.8 (final products). This is due to
that the facetd growth rates of fac§011}, Gs, and face{10-1}, G2, have a cross-over at the
supersaturation of 1.18, i.e. with the further decrease of supersaturation fromzhé&8ade smaller

than G. Similar tread was found for the aspect ratigXxX(whee X1 is the mean value of)x with a

much faster increase against time due to thatitgeexw very slow. Therefore the aspect ratig’ XX

increases from 6 to over 30.
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Note that the values in the brackets are the three normal distances for the individual crystal habit faces

(X1, X%, x3) in micrometres together with the number under the brackets which gives the number of
crystals having this specified shape as defined by the normal distances.
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4.3 Effect of Cooling Rate

Figure 7 shows the evolution of supersaturation during crystallisation processes (Figure 7a), and the
final shape/size and their corresponding aspect ratios under four cooling rates (Figure 7b). It can be
seen that the supersaturation decrease with processing time is slower with higher cooling rate (Figure
7a). As the supersaturation is defined as the ratio between solute concentration in the crystalliser at a
given time (temperature) and the solubility of the solute-solvent system at the same given time
(temperature), the evolution of supersaturation during a crystallisation process can be fast or slow
depending on the balance of the solute concentration and solubility. In this study, the higher cooling
rate led to faster decrease of solubility (due to the faster decrease of temperature) than the lower
cooling rate. However, the decrease of solute concentration (due to crystal growth, hence consuming
solute in the solution) does not necessarily follow the same decrease speed. Therefore, if e decrea

of solute concentration is slower that the solubility, the combining effects could result in the slower
16



409
410
411
412

413

414
415
416

417

418
419
420
421
422
423
424

reduction of supersaturation with higher cooling rate. The final shape/size under various cooling rates
was found to be similar and the corresponding aspect rati)Xaried between 4.8 and 4.3 (Figure
7b), which indicates that the variation of cooling rate may not be an effective tool to manipulate

crystal size/shape of final products under the current operating conditions.
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Figure7. (a) Supersaturation evolution during crystallisation processes and (b) final mean shape/size
under different cooling rateCR = 0.05C/min — dash green linegCR = 0.C/min - red line;CR=
1.0°C/min - dash and dot blue lin€R = 1.8C/min- blackline).

Figures 8 and 9 illustrate the evolution of faceted growth rates and normal distances, respectively,

during crystallisation processes in face directiofilofL}, {10-1} and {011} under different cooling

rates. The face-specific growth rates of the three faces decreased during the process with the speed o

decrease being slowat higher cooling rate. The corresponding normal distances for all three faces

increased faster with the higher cooling rate. By examining the final size/shageA&A crystals

with various cooling rates when supersaturation researched a value of 1.01 (hence no further

crystallisation), the total crystallisation time, final temperature, total crystal mass (yield) and the fine
17
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mean size/shape were obtained as shown in Table 2. The total crystal mass in Table 2 was obtained

from pg T2y 302y Tl [V (i %z, %31 ) (1,0 %2, %3 )|, Whereps is the density of the crystal,

V(14 %2, X3 ) is the volume of a crystal with normal distance$xaf;, x, ;, x5 ;) calculated based

on the crystals shape shown in Figure 2(b) (ang, lej,x&k), and the definitions of other variables

can be found in the Supplementary materials (S3). With the increase of cooling rate from 0.05 to
1.5°C/min in this study, the total process time is almost doubled with the corresponding final
temperature being lowered from about@@o 8C and the yield ofi-pABA crystals being increased
about 50%. Furthermore the final crystal size is about 4&@%er with CR = 1.C/min than

0.05°C/min though the variation of final crystal mean shape (aspect ratio) is not significant.
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Table 2. MPB modelling results afi-pABA crystallised from ethanol under differe@R

CR Process | Final S | Final T | Final mean (x3, | Total crystal
(°C/min)| Time(s) (-) (°C) X2, X3) (um) | — mass(g)
0.05 270 1.01 20.3 | 52,340,1174 50.7
0.5 300 1.01 18.0 | 55, 368, 1261 55.0
1.0 340 1.01 14.8 | 58, 409, 1393 60.5
1.5 495 1.01 8.2 66, 495, 1539 73.1

4.4 Effect of Seeding Temperature

In order to investigate the effect of seeding temperature on seeded cooling crystallisaokB#

in a batch crystalliser, the seeding temperatuggeTwas varied from 20% to 39.0C, which
corresponds to seeding supersaturatiogedfSdecreasing from 1.5 to 1.1. The supersaturation
evolution during crystallisation processes and the final mean shape/size under different seeding
temperature (or seeding supersaturation) are plotted in Figure 10. With a fixed cooling rate of
0.5°C/min, as shown in Figure 10a, the supersaturation decreased much faster withsdess(@r T
higher Seed than higher Jeedas(Or lower Seeq). The total process time for variougelis(or Seeq did

not show significant variation (Table 3). From Figure 10b, it is clear that final mean crystal size with
higher TEeeds(or lower Seedy is smaller in size and less needle-like in shape (or lower aspect ratio)
(Table 3). When varying ofs&dsfrom 1.1 to 1.5, the aspect ratios(¥) was increased from 2.5 to

4.8 (Figure 10b).

For the evolution of face-specific growth rates and normal distanges, (%), respectively, during
crystallisation processes in face directiofldfl}, {10-1} and{011} under different Jeeds(Or Seed3,

the supersaturation decreased slower with highessfor lower Seeq, hence the facet growth rates

for the three individual faces followed the same trend (Figure S.1 in Supplementary materials (S4)).
Correspondingly, the normal distances (&, x3) increased against crystallisation time much faster
with lower Tseeds (Or higher Sed) and also larger actual normal distances (Figure S.2 in
Supplementary materials (S4)). Furthermore, this is more significant for the evolution of normal
distance of fac€011}, i.e. %. As a result, the higher growth rates and bigger actual normal distances
with lower Tseeds(Or higher Sedd produced much higher yield as shown in Table 3. Therefore, it is

not optimal to select an experiment with highedt(or lower Seeq} as the resultant yield would be

19



470 unacceptably low albeit from these conditions the final crystal shape would be expected to be less

471 needle-like (smaller aspect ratio).
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473 Figure 10. (a) Supersaturation evolution during crystallisation processes and (b) final mean
474  shape/size under different seeding temperatwegqfT{or supersaturations 4sad}) (Tseedss= 20.5C
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483 Table 3. MPB modelling results otx-pABA crystallised from ethanol under different seeding
484 temperature (seqay (Or seeding supersaturationrds})

Seeding point | Seess | Time | Final S | Final T | Final means Total crystal
— Tseeds (°C) () (s ) (°C) (X1, X2, X3) (um) | —mass(g)
39.0 1.1 290 1.01 36.55 | 37.9, 191, 376 17.5
33.7 1.2 260 1.01 315 39.3, 210, 568 28.5
28.9 1.3 250 1.01 26.85 | 42.1, 239, 744 38.0
24.7 1.4 265 1.01 22.47 | 46.4, 289, 961 46.5
20.5 1.5 300 1.01 18.0 55, 368, 1261 55.0
485
486

487 4.5 Effect of Seed Loading

488 Figure 11 shows the evolution of supersaturation during crystallisation processes (Figure 11a), and
489 the final mean shape/size and their corresponding aspect ratios (Figure 11b) under five difitrent see
490 loadings. With higher seed loading under the same Gaussian-like size/shape distribution (same mean
491 values and same standard deviations), the total number of crystals becomes proportionally larger.
492 Therefore, the total crystal surface area for crystal growth is predicted to increase \wvithiehse

493 of seed loading, hence solute concentration reduces faster, leading to faster supersaturation decreast
494  (Figure 11a). As the total number of seeds is higher with higher seed loading, the solute available for
495 each seed is less accordingly. Therefore, as shown in Figure 11b, the final mean crystal is smaller in
496 size and also less needle-like in shape (or aspect ratio). When seed loading increases from 0.1% to
497 2.0% (by mass), the MPB simulation results show that the aspect refio) (¥ecreases almost

498 linearly with a slope of -0.4 and intercept of 4.8 (Figure 11b).

499 The evolution of faceted growth rates (Figure S.3 in Supplementary materiglar{83xce normal

500 distances (Figure S.4 in Supplementary materials (S5)) during crystallisation process€4 @it} the

501 {10-1} and {011} faces under different seed loadings demonstrated that as the increase of seed
502 loading resulted in the faster decrease of supersaturation (Figure 11a), the faceted grov@h rates (
503 G, &) also decrease faster (Figure S.3) with the corresponding normal distances being in slower
504 increase (Figuré\.4). The final temperature and yield did not have significant variation for the

505 simulated range of seed loadings (Table 4). However, the crystal size of final product is predicted to
506 be smaller with less needle-like in shape when seed loading is increased. Therefore, seed loading can
507 be an effective tool for optimising and controlling crystal size/shape distribution using MPB

508 approach.
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510 Figure 11. (a) Supersaturation evolution during crystallisation processes and (b) final mean
511 shape/size under different seed loadingd@X (Xseedss= 0.1%— dash red line; geds= 0.5%— thin

512 black line; Xeeds= 1.0%— dash and dot blue lineseéas= 2.0%— black line; Xeeds= 5.0%— dot green

513 line).

514

515 Table 4. MPB modelling results ofi-pABA crystallised from ethanol under different seed loading
516 ()%eed)

Xseeds (%0 | Time FinalS | Final T | Final means Total crystal
mass) (9) ) (°C) (X1, X2, X3) (um) | —mass(g)
0.1 270 1.01 18.0 55, 368, 1261 55.0
0.5 220 1.01 18.7 43.6, 261, 858 54.5
1.0 205 1.01 18.8 42.1, 241, 783 55.0
2.0 205 1.01 18.8 40.7, 224, 689 56.3
5.0 215 1.01 18.7 39.3, 215, 616 57.4
517
518
519
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520 4.6 Effect of Seed Mean Shape

521 To investigate the effect of seed mean shape on crystal size/shape distributionodpiBg\

522 crystallisation process, three different mean shape were used for establishing seeds size/shape
523 distribution (e.g. Figure 3ajnean normal distancesi(x>, xs) of (22, 27, um), (22, 27, 4um) and

524 (22, 27, 131um) with fixed standard deviations of,(, oy,,0,,) = 8 um. Figure 12 shows the

525 supersaturation evolution during crystallisation processes and the final mean shape/size under
526 different seed mean shape. With more needle-like seeds, the total number of seeds (under the sam
527 seed loading) was found to be slightly smaller, hence leading to slower decrease of supersaturation
528 (Figure 12a). However, the simulated final crystal size is found to be bigger with slightly highe
529 aspectratio (Figure 12b). Similarly, the faceted growth rates follow the same trend of decrease (Fig
530 S.5in Supplementary materials (S6)) and the normal distanges, (%) have the similar trend of

531 increase with crystallisation time (Figure S.6 in Supplementary materials (S6)). The final temperature

532 ard yield do not present significant variation for the three seed mean shape (Table 5

6 40

A 35

Aspect Ratio (X;/X,)
wu
Aspect Ratio (X;/X,)

o (2)

25

14

12 4

-~
a1
L
NN
o
o
[EN
al
(@]
N

0 100 200 300
Time (s)

533 Figurel2. (a) supersaturation evolution during crystallisation processes and (b) final mean shape/size

534 under different seed mean shapedh} with standard deviations @b, , 0y,, 0x,) = 8 um (Mseeds=
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(22, 27, 6um) — red line; Meeds= (22, 27, 4Qum) — dash green line; Meds= (22, 27, 131um) — dash
and dot black line).

Table 5. MPB modelling results oé-pABA crystallised from ethanol under different seed mean
shape (Meed)

M seeds (X1, Seeds standard Time | Final | Final T | Final means Total crystal
X2, X3) (um) | deviations (s) S(-) | (°C) (X1, X2, X3) (um) | —mass (g)
(0, Ox,» Ox;) (LM)
22,27, 6 8,88 285 | 1.01 18.1 | 50.7, 320, 1119 54.6
22,27, 40 8,8, 8 280 | 1.01 | 18.18 | 49.3, 308, 1009 54.4
22,27,131 8,8, 8 330 | 1.01 | 17.76 | 57.9, 400, 1501 55.2

4.7 Effect of Broken Seeds

Theoretically seeds may be treated as prefect crystals with the required size/shape distribution.
However, in practice, seeds are usually collected from small scale and well-controlled crystallisation
processes, then followed by the necessary washing, filtration and drying, all processes which might
expect to provide some extent of breakage/dartaihe obtained seeds. In order to obtain seeds with

the required size, milling/sieving processes may be used, which understandably will generate broken
seeds at very high extent. In this section, the MPB model was used to simulate the behaviour of the
broken seeds during crystallisation proessall operating conditions are as the same as those from

the base case (section 4.2) with the size/shape distribution of broken seeds as shown in Figure 3b.
The broken face (010) should be rough with most possibly an RIG growth mechanism. In this study,
the facet growth rate of face (010) was estimated to be two times of that f{d¥a¢eGs. It should

be noted that the more accurate growth rate and growth mechanism for the broken face (010) are

needed through the use of molecular modelling and/or experimental measurements.

Figure 13 shows the solution temperature, supersaturation, solute concentration and solid
concentration during crystallisation processes with perfect seeds or broken seeds. With the same
cooling rate (0.8C/min), supersaturation with broken seeds decreased slightly faster, hence reaching
the supersaturation value of 1.01 earlier (~ 28s). Correspondingly, solute concentration dropped at a

higher speed and solid concentration increased faster.

Figures 14 presents the faceted growth rates in the directions of faces{{lid1},and{011}, and

also broken face (010) with its trajectory, and the corresponding evolution of normal distances for the

mentioned four faces. MPB simulations revealed that the broken face (010) grew very fast, then
24



563 disappeared after about 15 s (Figure 14b). The facet normal distances, in pattioulaoe{011},
564 increased slower at the late stage of the crystallisation process with broken seeds. The main
565 contributors are both broken seeds (shorter in size and higher number of seeds) and the faster decreas

566 of supersaturation (also faster decrease of growth rate of0fatg (Figure 14a)).
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573 Figure 14. Faceted growth rates (a) and Normal distances (b) in the face directions of face {101}
574 (solid line— perfect seed crystalg) — broken seed crystals), face {10-1} (dot lingerfect seed

575 crystals;[] — broken seed crystals) and face {011} (Dash lingerfect seed crystals; — broken

576 seed crystals), and also broken face (010) (dash and dots line) with its trajégjoduring

577 crystallisation processes with the operating conditions of the base case.
578

579 Figures 15 and 16 present the evolution of aspect ratg&(Xa/X1, Xo/X1) during crystallisation

580 process for both prefect seeds and broken seeds, and crystal mean shape evolution and aspect ratio
581 at several typical time points for broken seeds, respectively. Note th&t 2nd % are the mean

582 values of x, X, X3 at a crystallisation time. The aspect ratiogXXand %/X1) increased fast to the

583 values for prefect seeds after about 15 s (Figure 15) with the broken face (010) being disappearance
584 (Figure 16).
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586 Figure 15. Evolution of aspect ratios during crystallisation process with prefect and broken seeds.
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Figure 16. Crystal mean shape evolution and aspect ratios at some typical time instances (0, 5, 10,
15, 20, 50, 100, 200, 300 s). Note that the broken face (010) grew fast and disappeared in about 15 s.

5. Conclusions

In this study, the MPB models were applied for simulating pharmaceutical crystallisation processes
as illustrated through a case studyuepABA crystals crystallised from ethanolic solution under a
wide-range of operating conditions notably cooling rate, seeding temperature (seeding
supersaturation), seed loading, seeds shape/size (including broken seeds). The MPB simulations
captured the shape-dependent behaviour of the crystallisation processes under these operating
conditions with the effect of defining the impact of these processing variables on the crystal size/shape

distribution and their evolution.
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Within the operating conditions used for MPB simulations, faster cooling was shown to increase the
crystallisation time to reach solution equilibrium conditions, i.e. S = 1, with the corresponding
finishing solution temperature being much lower, hence leading to higher yield and larger final crystal
size. Although higher seeding temperatures (hence lower seeding supersajunatofsund to
produce less needle-like-pABA crystals, the yield was much lower than taaiower seeding
temperatures. On the other hand, higher seed loading was found to generate smaller sized crystals
which were less needle-like in shape while having very similar yields. This indicated that seeyl loadin
could be a useful control variable for using MR obtain the pre-de®d crystal size/shape
distribution. For the case with broken seeds, the fractured seed surfaces were found to grow fast and
hence disappear from the external morphology during the crystallisation process. Such simulations
could have wide applications in pharmaceutical industry mindful that seeds used often exhibit some
kind of breakage and/or damage during seed preparation processes, e.g. through milling.

Further research should include the consideration of the effect of primary nucleation (i.e., without
seeds) and together with that of secondary nucleation through surface breeding from seeds, face-
specific crystal agglomeration and breakage into the MPB model. This will involve first-principle
based research on crystal morphology and surface chemistry, solid/solution interface (including the
interactions of crystal-crystal, crystal-solute and crystal-solvent), solution chemistry, etc.Throug
these, combining the MPB model with computational fluid dynamics for crystalliser hydrodynamics
and multi-zonal modelling will form a powerful digital design framework for pharmaceutical
crystallisation to manufacture crystals with pre-desired properties, hence delivering targeted

medicines.
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Supplementary Materials

This supplementary provides the mini-review of population balance (PB) models (S1), face-specific
crystal growth kinetics (S2), the solution method of morphological PB 488 the additional
simulation results of the evolution of face-specific growth rates and normal distances under different
seeding temperature (S4), seed loading (S5) and seed mean shape (S6), and the references fo

supplementary materials (S7).

S1. Mini-review of PB models

For modelling the evolution of a population of crystals during crystallisation processes, one-
dimensional (1D) population balance (PB) approach (e.g., (Alvarez and Myerson, 2010, Calillet et al.,
2007, Fevotte et al., 2007, Garside, 1985, Gerstlauer et al., 2006, Hounslow et al., 2005, Li et al.,
2013, Liu and Li, 2014, Marchal et al., 1988, Menon et al., 2005, Patience et al., 2004, Rawlings et
al., 1992, Temmel et al., 2016, Ulbert and Lakatos, 2005, Ward et al., 2006)), using a characteristic
size, such as length (e.g., (Vetter et al., 2014, Ward et al., 2011, Zhang and Doherty, 2004)), diameter
or radius of a volume equivalent sphere (e.g., (Marchal et al., 1988)) to simplify a fagsted cr

was used and still being used widely. Two-dimensional (2D) PB method was developed to account
for needle-/rod-/plate-like crystals (e.g., (Briesen, 2009, Gunawan et al., 2004, Ma et al., 2007,
Oullion et al., 2007, Puel et al., 2003a, Puel et al., 2003b, Ramkrishna and Mahoney, 2002, Sato et
al., 2008, Shi et al., 2006)), whilst the introducing a volumetric shape factor into the 1D (or 2D) PB
is to more accurately represent the crystal volume (Zhang and Doherty, 2004). However, using a 1D
PB with the assumptions that all crystal faces have the same surface chemistry, growth mechanism
and a constant relative growth rate ratio amongst all faces, the evolution of crystal size and shape
could be represented (e.g., Doherty and co-workers (Lovette et al., 2008, Zhang and Doherty, 2004,
Kuvadia and Doherty, 2013)). Critically, a 1D PB assumes that the crystal morphology does not
change during growth, i.e. that the ratio of the growth rates between the different faces is constant.
The aspect was first addressed by Ma et al. (Ma et al., 2008), followed by other researchers (e.g
(Borchert et al., 2009, Borchert and Sundmacher, 2012, Chakraborty et al., 2010, Kwon et al., 2013,
Kwon et al., 2014, Liu et al., 2013, Liu et al., 2010b, Liu et al., 2010a, Ma et al., 2016, Ma and
Roberts, 2018, Ma and Wang, 2008, Ma and Wang, 2012, Wan et al., 2009, Wang and Ma, 2009,
Wang et al., 2008, Majumder and Nagy, 2013, Kuvadia and Doherty, 2013)). A crystal hes its fa
forms identified as {hkl}. For a cubic crystal, it only has one form but 6 faces. For a potash alum
crystal, it has 3 forms but 24 faces. The MPB uses crystal morphology to identify crystal forms with

each form being treated as an independent variable (crystalotaeetre distance) and the total
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number of forms determines the number of dimensions of the MPB equation. It can be assumed that
the faces of each form have the same surface chemistry, growth mechanism/rate and also other
physical/chemical properties. See more detall in e.g. (Ma et al., 2008). The MPB not only provides a
direct tool for optimisation and control of both final crystal size and shape but enables control of the

particle properties and processing.

S2. Face-specific crystal growth kinetics

The kinetics of a defined crystal growth interface as a function of supersaturation can generally be
described by a number of well-known models including power law (Garside, 1985), birth & spread
(B&S) and Burton-Cabrera-Frank (BCF) models (Burton et al., 1951). During crystallisation
processes in a crystal growth cell and other crystallisers, crystal growth rate is very much a two-step
kinetic process encompassing a balance between the incorporation of growth units onto the crystal
surface and the diffusion by mass transfer of the growth units within the bulk of the solution (Mullin,
2001, Camacho et al., 2017). The effect of heat transfer on growth rate was also included by
(Mersmann et al., 2002). Therefore both factors need to be considered when determining the growth

mechanism and can be modelled using the followings (Mullin, 2001, Camacho et al., 2017):

S—=Scrit

Gpower =% . T (S.1)
kMT C*Ms kG(S_Scrit)r_1
_ S—=Scrit
Gpes = —7%5 T (S.2)
Mg -1/6
K EMs ko (5-Serie)” Cenn(a1/(5-Serie)
_ S—Scrit
GBCF - Ps . 1 (83)

kMT C™Ms " kG(S=Scrir)tanh(Az/(S=Scrir) )

Where Gower, Gres and Gcr are the growth rates linking to the powew léGarside, 1985), B&S
(Burton et al., 1951) and BCF (Burton et al., 1951) models; S is supersaturation defined by the ratio
between the solute concentration at a solution temperature and the solubility at the same temperature;

it IS a critical value of supersaturatiom; ik the growth rate constant; r is the growth exponent; A
and A are the thermodynamic parametessis the solute densityyk is the coefficient of mass
transfer within the bulk of the solutioN(; is the solute molecular weiglE?* is the equilibrium

concentration (solubility). The ten;p% in Egs. (S.1 S.3) can be treated as a fitting parameter.
MT N

In Eq. (S.1),if r =1, it corresponds to a rough interface growth (RIG) mechanism (We&kiinaeq
1979).
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S3. MPB Solution Method

Whilst the theoretical solution of the MPB equation can only be obtained for some ideal (simple)
cases, numerical solution methods can provide the most convenient and available approach. Lin et al.
(Lin et al., 2016) developed an invariant method of moments to obtain analytical solution of a PB
system, but this method could only be used for solving a one-dimensional homogeneous PB equation
with size independent growth rate. Therefore, many other different numerical solution methods have
been developed, for example, method of characteristics (Gunawan et al., 2004, Sotowa et al., 2000)
moment of classes (David et al., 1995, Puel et al., 2003a), high resolution discretisation schemes
(Gunawan et al., 2004, Ma et al., 2002, Wan et al., 2009), method of lines (Gerstlauer et al., 2001),
finite-element schemes (Gerstlauer et al., 2006), moving grid techniques (Kumar and Ramkrishna,
1997), hierarchical solution strategies based on multilevel discretisation (Pinto et al., 2007, Sun and
Immanuel, 2005), cell-ensemble method (Henson, 2005), Monte Carlo methods (Yu et al., 2015), etc.
In this study, a discretisation method (moment of classes) has been used to solve the MPB equation
(Eqg. 1). In this, the three {(x%, X3) size domains were discretised into i (i = 1),N(j =1, Nb), k (k

=1, Ny) classes, respectively, where, Nb, Nz are the total number of classes for the Xx x3) size

domains and; ; (= x1,; — X1,—1), X2,j(= X2,j — X3,j—1), X3 k(= X3 — X3x-1) are the size of the i, j,

k classes for the {xx, x3). Hence a group of I\« N2 x Nz ordinary differential equations below can

be formulated and solved:

ﬁ % [VT(t) f;lll‘_l f;zjf_l f;:';("_l D (x4, x5, X3, t)dxldxzdx3] +

61(F10t) [t e e 7 @ w32, D +
e e L G xs Oddrads | +

Gy (%2, t) [(x“_x::’;&_:: m— f;lll_l f;zzjf_ ) f::_l D (x1, Xy, X3, t)dx,dx, dxs +
(xz‘j+1_z22“]]:)_(222“]]:11_xz‘j_l) ;1111_1 f;z']..jﬂ f;zk_l D (x4, x5, x3, t)dx1dx, dX3] +

Galsaet) [ty o, i ik, @0 e O +

Tok ke f;u fxz'j fxg'kﬂ D(xq1,x3, X3, t)dxldxzdx3] =0 (S.4)

(x3,k+1—x3,k)(x3,k+1—x3,k—1) 1,i-1 " X2,j-1 " X3,k

The N x N2 x N3 ordinary differential equations obtained, together with initial and boundary
conditions and also the equations for face-specific growth rates, and mass and heat balance in a batch
cooling crystalliser, form a complete set of the PB solution system. Further detail can be found in
literature (David et al., 1995, Ma et al., 2016, Ma and Wang, 2008, Ma et al., 2008, Puel et al., 2003a).
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SA. Effect of Seeding Temperature
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Figure S.1 Evolution of faceted growth rates during crystallisation processes in face direction of (a)
face {101}, (b) face {10-1} and (c) face {011} under different seeding temperatuses) Tor
supersaturations §&d3) (Tseeds= 20.5C (Or Seeds= 1.5)— dashed red line;sdeds= 24.7C (Or Seeds=

1.4)— green line; Teeds= 28.9C (Or Seeds= 1.3)—red line; Feeds= 33.7°C (Or Seeds= 1.2)— blue line;
Tseeds= 39.0°C (Or Seeds= 1.1)- light blue line).
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Figure S.2 Evolution of normal distances during crystallisation processes in face direction of (a) face
{101}, (b) face {10-1} and (c) face {011} under different seeding temperatukgeddT (Or
supersaturations §&d3) (Tseeds= 20.5C (Or Seeds= 1.5)— dashed red line;sdeds= 24.7C (Or Seeds=

1.4)— green line; Teeds= 28.9C (Or Seeds= 1.3)—red line; Feeds= 33.7PC (Or Seeds= 1.2)— blue line;
Tseeds= 39.0C (or Seeds= 1.1)— light blue line).
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815 Figure S.3 Evolution of faceted growth rates during crystallisation processes in face direction of (a)
816 face {101}, (b) face {10-1} and (c) face {011} under different seed loadinge{X(Xseeds= 0.1%—
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820 Figure S.4 Evolution of normal distances during crystallisation processes in face direction of (a) face
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S6. Effect of Seed Mean Shape
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Figure S.5 Evolution of faceted growth rates during crystallisation processes in face direction of (a)
face {101}, (b) face {10-1} and (c) face {011} under different seed mean shape:yMith standard
deviations ofo, oy, 0z = 8 um (Mseeds= (22, 27, 6um) — dashed red line; Meds= (22, 27, 4Qum) —

green line; Meeds= (22, 27, 131um) — red line).
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Figure S.6 Evolution of normal distances during crystallisation processes in face direction of (a) face
{101}, (b) face {10-1} and (c) face {011} under different seed mean shape:{Mvith standard
deviations ofox, oy, 0z = 8 um (Mseeds= (22, 27, 6um) — dashed red line; Medas= (22, 27, 4Qum) —

green line; Meeds= (22, 27, 131um) — red line).
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