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Project objectives

= Many technology and economic drivers
= 70% of all solid products & 90% of APIs involve a crystallization step

= Control of crystalline properties (CSD, shape, polymorphic form,
purity, etc.) important

* Product effectiveness (dissolution, bio-availability, tablet stability)

- Efficient downstream operations (filtration, drying)
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Control of crystal properties is critical for product
functionality and operational efficiency
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1D agglomeration and breakage models and solvers



Agglomeration modeling in crystallization (1D)

= Agglomeration often spontaneously occurs during crystallization.
= “Forced agglomeration”: spherical agglomeration.
= Granulation processes fully governed by agglomeration.

Agglomeration of two primary particles Agglomeration of multiple particles

= Volume conservation = Volume conservation

= No shape conservation. Modeling practice: .

Quasi shape-conservation. Modeling
sphere equivalent diameter

practice: sphere equivalent diameter
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Agglomeration modeling in crystallization (1D)

The agglomeration population balance model-equation:

on(L,t) |L? [EB[UL3 —23)3,4]
ot ?L (L3 — A3)2/3

n (22 = 2173, £) n(A, O)dA | n(L, 0 f L Dn( O dA
0

A 4

Birth rate of L-size particles by Death rate of L-size particles
agglomeration by agglomeration

B (L, A): agglomeration kernel. Implemented:

Name D™

Name
7 L2
Sum kag(L® + 2°)
Hydrodynamic kag(L +2)3 ol 1000
Differential force kag(L + 2L — 2] Al ai L [pm]

Differential force (k,, = 10712

PURDUE k.4 might depend on temperature, stirring conditions, growth rate etc. 6
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Breakage modeling in crystallization (1D)

= Attrition often occurs during crystallization processes.
= Fragmentation might also occur.
= Wet milling: governed by particle breakage.

= Breakage: volume conserving. Not shape conserving (there are
exceptions, as high aspect-ratio crystals)

The breakage population balance model-equation:

b(LIDNA, DS(A)A —|S(L)n(L, )

on(L,t) fLmax
ot

A

\ 4
Birth rate of L-size particles by Death rate of L-size particles
breakage by breakage




Breakage modeling in crystallization (1D)

Breakage selection function (S(L)) Fragment distribution function (b(L|4))

= Probability that L sized crystal is produced

= Probability that an L size crystal breaks up from the breakage of a 4 size crystal

= Numerous functions. Implemented:

) = Implemented: symmetric fragmentation,
constant, power-law and hyperbolic tangent

uniform distribution, normal distribution

1
L) = kpy 5 (tanh(k(L, — L)) + 1 1 L —p)?
S(L) = kyr 5 (tanh(k(Le = 1)) + 1) bLIT) = exp(_( ‘;)>
oV2n 20
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Parameters: k;,- = 0.0003; k = 0.02; L. =250 pum Parameters:o=0.14; u= 0.5 A
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Integrated system model development: MSMPR
cascade and it’s applications



MSMPR cascades

O First step in the flexible crystallization network development.

O Mechanisms: 1D nucleation, growth, dissolution, breakage,
agglomeration

O System types: cooling, antisolvent, combined cooling and
antisolvent

O Flexible number of crystallizers (no upper limit)
O Operating conditions configured individually for each crystallizer

PURDUE ¥




MSMPR cascades: modeling and simulation

O Quick example: pure cascade of four MSMPRs. Model-equations were
populated and solved automatically for each crystallizer

O Cooling crystallization with identical yields and mean residence times
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Typical MSMPR cascade simulation with nucleation, growth, agglomeration
and size dependent breakage (~10 s, 3 um grid size, 2400 um max. size)
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Flexible MSMPR cascade model: further applications

O Integrated MSMPR-tubular crystallizers are promising devices. In
MSMPR in-situ seed generation happen.

P I T— -
p a il |
! ST T (),
! \ Il chiller| |
| i = |
1 L I = !
| -
= L
1 ] [ | j [ — o
: | MSMPR | ||/ g LT% | Y
! ] Vo= | |
: Ecl:lp' H I A 4
E Continuous seeds ” ' i MSMPR —.
. preparation variables: || | I Crysta”izer .
E ’ Feed tank: =] i ITL
: temperature, 1 |__ : ‘
ion |1 3 o oo
b _ | concentration : : ; =
] i MSMPR: |1 l Tank in series o
. I
:‘ Nucleation I : compartmental et
1A temperature, stirring |1l | B
]
I speed, flowrate, ii | From 1 model for th_e < J ‘..
| Feed tank 5L effective volume H chilles | tubular crystallizer. — _
j—————— | Temperatures and
lTubuIar crystallizer for crystal growth I—'L_E\l}_"i‘ﬂff’_‘{"‘_‘_—_i volume are inputs.
. . [;.,\ =
Scheme of an integrated continuous MSMPR-tubular U’U“”
. ] e
crystallizer system for polymorphic crystallization 2

PURDUE *Z. Gao et al., Journal of Crystal Growth, 507, 334-351 13
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Extension to MSMPR network (in progress)

O Model-equations populated based on adjacency matrices that defines
the connectivity

O The active crystallization mechanisms set for each MSMPR

Recirculation

Feed (V0) l
Nucleation Growth (V3)
vessel (V1)

Wet-mill (V2)
- = Example: definition of connectivity between the MSMPRs
VO O 1 0 1

= “1”in a cell means that there is a flux from the crystallizer

Vi 0 O 1 0 in the given line to the crystallizer of the given column
V2 0 0 0 1 = Similar adjacency matrices are applicable for the definition
vV3 0 1 0 0 of other operating conditions (e.g. flowrates)
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Parameter estimation: a novel way of using FBRM
data and it’s application to 1D and 2D crystallization
Kinetics estimation



How to use the FBRM count data for PE?

Repeating question, because:

«  FBRM became routine tool in crystallization
monitoring

- Great for qualitative measurements, indirect feedback
control on particle size (DNC)

 Difficult to quantify
 |naccurate CSD-CLD transformations

« Generally not used for PE

O(KP) = f(AC) + wf(AD) + uf (AN)

AC sum-squared error of concentrations
AD sum-squared error of CSDs

AN FBRM term (generally not used)
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Correlation between count and number density?

Crystal
overlapping
Y (low solid loading,
* @b spherical crystals...)
> FBRM placement,
stirring rate etc.
_/

y/a

Crystal number density (#/m?3)

v

FBRM count (#/s)
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How to use the FBRM data for PE?

Repeating question, because:

FBRM became routine tool

Great for qualitative measurements
Hard to quantify

Inaccurate CSD-CLD transformations

Generally not used for PE

O(KP) = f(AC) + wf(AD) + uf (AN)

AC sum-squared error of concentrations
AD sum-squared error of CSDs

AN FBRM term (generally not used)

1. Simulate the number density ¢
2. Fit a second order polynomial

3. Calculate R? *
4. °

PE: maximize R?

Crystal number density (#/m?3)

FBRM count (#/s)

New assumption: The FBRM count
correlates with the true number density,
which can be captured with a second
order equation

v
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Crystallization kinetics of a model API: 1D case

O 1D demonstration to introduce a novel size dependent growth expression
and the count correlation based parameter estimation.

0 Model APl (“Compound A”, real API candidate).
O Slow-growing high aspect ratio crystals, nucleation-dominated process.
O Temperature cycles are required to obtain sufficiently large crystals.

O The model would enable direct optimization and in-silico DOEs

Linear cooling * One temperature cycle * Three temperature cycles *

PURDUE * [dentical batch time, operating temperature range and initial conditions 19
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Numerical solution: 2D HR-FVM

1D PBM with nucleation and growth

on(L,t) 0JdG(S)n(L,t)
ot * oL

= B(S)d(L — Ln)

d Numerical solution: HR-FVM on non-uniform grid

d The kinetics (fitting parameters)

B = k, 6"V,
D =kyo(1+dyL) %

Size dependent growth models
generally used to fit steady-state

E,
G = k,0%exp (_ ﬁ) G(L) MSMPR CSD data
Model 1: G(L) = (1 + ¢, L)°2
Model 2: G(L) = 1 — exp(—c1(L + ¢3)) Size dependent growth
models proposed in this case

Model 3: G(L) = 0.5(tanh(cy (L —c3)) + 1) to capture size dependency in
> the Kolmogorov scale

Model 4: G(L) = 0.5(tanh(c; (L — c2)) + 1)(1 + c3L) s

PURDUE .
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Crystallization kinetics of a model API: 1D case

O PE using 6 calibration and 2 validation experiments.

_ With FBRM data Without FBRM data
min 0(P)
PeRY

Model1l Model2 Model3 Model4 Modell Model2 Model3 Model4
29237.2 26827 4950 232.6 115436 18043 2788 1293
6018.6 1462.8 2129  90.0 4593.8 10833 1451  67.1

Much narrower ClI-s for Model 4 by FBRM Different SDG shapes in the small range
o1 [[——Mogel 1 | | A
arameter 3 7]
W.O. FBRM W. FBRM 0 = — Model 2 et s
""""" Model 3 "a‘ 3 L
10g10(ks) -2.77 £ 8.6 -3.06 £ 0.21 —-— Model 4 /'/' # i
; 7’
2.19%14.0 2.25+0.37 —~ 2 ! ’
2190 Th hi fro 'f
log10(kg) 10.83 + 53.5 10.79 £ 0.79 E e growth Is R 5
T 112sa0 1.04 +0.17 Y g“fCh sllgwer AN i
© elow m ’
49120 4.92 % 2.4 107 2 40 H
0.75+0.74 10.90 +0.39 z
n 0.97 £0.17 0.84+0.14 O
N 777 . 7N ANnD N OA . AN ANnD 10-4 ——————————— “".““.
Quasi size-independent T
disolutior
ISUCOM 310:2210°  -3.19+105.6 102 1o 100 10" 102 0
“‘ 1.210°+61.76 1+237.6 Crystal size (um)
PURDUE N




Crystallization kinetics of a model API: 1D case

L Hyperbolic tangent growth models (Model 3 and Model 4) gave superior

performance compared to the traditional SDG models.

1 Model 1-3 has the same number of parameters (no over-fitting).
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The need for a 2D model in this case

Mean aspect ratio of product crystals Nucleation: 1
obtained in different experiments. b
There is a strong variation. B = kyo°V, Ly
Expt. Seed Product _
# type mean AR The growth rate equation: v 2
+—> 2
1 7.78 L,
G;=G(Ly,Ly)k, ;0% ex (—ﬂ)
2 7.33 t L2/ g P\"&rr
Type 1 .
3 4.81 G(Ly, L) = 0.5(tanh(cy (D, — ¢;)) + 1)(1 + c3D,*)
4 6.25 o 6 3 1
5 4.79 € I V1n2
6 441
Type 2 : P
v 4.48 Dissolution:
8 3.62 Di = D(Ll:LZ)kd,io-
9 4.91 D(Ly.L,)
Type 3 1, Lz) =
10 5.44 (1+dyD,)

23




Numerical solution: 2D HR-FVM

2D PBM with Nucleation and Growth
on(Ly, Ly, t) . 0G,(S)n(Ly, Ly, t)

ot L,
aGZ (S)Tl(Ll, LZ! t)
dL, S —
= B(S)0(Ly = Lin) (L2 — Lan)

2D CSD dynamics in seeded batch
crystallization with N and 2D Growth

J Numerical solution: 2D HR-FVM on GPU

S
wHl e —-‘
o | -
||

sing crystal width

Increa;

-1 [ I+1
Increasing crystal length

Step 1. Continuous 2D population Step 2. Finite volume Step 3. Number balance based
density function (PDF) discretization of the 2D PDF on PBM for every cell
PURDUE

NGINEERING 24



Crystallization kinetics of a model API: 2D case

Proposed objective function for 2D parameter estimation

O(KP)=f(AC) + wf(AD) + uf (AL) + zf (AN)

TG

Concentration CSD Shape Count correlation
fit fit fit maximization

Why these many terms?

f(AC): coupled N, G, and G, information
f(AD): partly decouples N from G; and G,
f(AL): provides relative G, and G, information

f(AN): influenced majorly by N and fines dissolution

However, there is also more sensor-specific error...

NGINEERING

PURDUE KP: vector of kinetic parameters to be estimated
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Seed CSD approximation

O 2D CSD of seeds must be approximated from 1D size and shape
measurement (inverse problem)

O Solved by optimization, assuming sum of 2D correlated normal distributions

0.06 . . |- = Measured
— Calculated from the 2D GSD (sum of normals)

)

: =
L, Transformation to g
- [
sphere-equivalent °
£
1D CSD E
>
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ILZ %
«—> £
(e}
L, E z
% v 2 : 1 ‘0 1 - L2 ‘3 4
_ 2 @ 107 107 10 10 10 10 10
VCr — kVLlLZ % Crystal size (zm)
B 1 | | ;
:% — Part!cle width
Ny =Ny +Wng, sl T ertce wiah |
----- Particle width

Marginal distributions

(assumed microscopy
detection limit: 3.5 pm)

Normalized volume density (-)

ky = 0.153
0.2
w =498
0 1 z 3 ¢ ° 6 ! 8 9 © OO 15 20 2; ;0 ;5 :D 45 50
Crystal width (m) Crystal size (;m)
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2D case, intermediate results

O 2D crystallization kinetics: dissolution and size dependent growth along
the length and with was considered in the first step

[ Under extension to nucleation rate model

Nominal values and 95 %
confidence interval limits *

kg1 110420 37229 327480

kg2 24429 5218 114370

D, is the sphere-equivalent diameter: 91 1.80 1.34 2.25
1.42 0.98 1.86

6 s g2
D, =— ./kleL% kas 0.032 0.2 0.51

The considered size dependent growth rates:

G = 0.5(tanh(c;(D, — ¢3)) + 1)(1 + c3D.*)

C1 0.072 0.054 0.097

The considered size independent dissolution C2 14.02  9.60 20.47
rates: C3 2.99 1.25 7.16
D; = ky;0 Ca 0807 051  1.14

PURDUE * k4, was fixed to 0.005 27
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2D case, intermediate results. Validation runs

Measured
Simulated

Aspect ratio (-)

Expt no. (#)

1 2
Expt no. (#)

140

120 1

100 r

D0 (um)

Expt no. (#)

1

Expt no. (#)

PURDUE *Mean and standard deviation of 150 simulation with kinetics sampled randomly
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Short term plans (~1 year)

... With dedicated wet-mills and
recirculation streams

jl> Flexible MSMPR network

2D crystallization

::> ... Finishing the 2D parameter
estimation

Blaze probe acquisition

... and comparing it to the
Metler’s EasyViewer probe

PURDUE %
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