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1. Motivation | Crystallization workflow

« PREDICTION FIRST API continuous crystallization . . .
challenge: building first-principles models, fitting the Batch data collection Uncertf_ilnty Model Cgmp_algn.
kinetic parameters to well-designed, minimal set of & parameter analysis & validation of

optimization

experiments
« The Population Balance Model (PBM) considers

estimation confidence regions continuous runs

o growth and dissolution « The workflow is demonstrated using the case study of mefenamic acid (MFA).
o primary and secondary nucleation « The objective is to develop a mathematical model from batch crystallization experiments and perform robust,
o agglomeration optimized, digital design of a multi-stage MSMPR continuous crystallization of MFA.
2. Model kinetic parameter estimation \ \ 4. Sensitivity and uncertainty analysis |
4.1 Uncertainty of process temperatures effects on product quality
The solubility was obtained from gravimetric method and the experiment was tracked Temperature control in each stage is not perfect, as indicated in Table 3. The sensitivity
using FBRM count and UV-vis absorbance information. The solubility was fitted to a of the yield and particle sizes to temperature variations are shown in Table 4.

polynomial equation: ¢ = 1.46529 x 107572 — 8.27852 x 1073T + 1.17423.
The physical properties used in the model simulation are shown in Table 1.

Table 3. 5-stage process temperatures distribution statistics (°C)

Solution temperature Mean StdDev Min Max Median Unit
MSMPR stage 1 19.50 2.39 15.50 48.50 19.00 °C
Table 1. MFA physical properties used for model simulation MSMPR stage 2 59.53 0.80 56.10 63.90 59.30 oc
Nomenclatures Parameters Unit Value
MSMPR stage 3 19.41 1.41 14.10 25.40 19.40 °C
ky Volume shape factor - 6
MSMPR stage 4 59.43 0.81 53.30 63.60 59.40 °C
Pec Crystal density kg/m? 1174 1
MSMPR stage 5 24.78 2.80 10.30 71.10 25.60 °C
Po Bulk density kg/m? 61511 61.0000- 7l
104744 5 ; 0049887

60.0000-]

2 4\&
101362 2 [

The nominal value of kinetic parameters with confidence interval and standard
deviation were shown in Table 2. The effects of parameter uncertainties on the
predicted values of concentration and particle size will be shown in section 4.2.
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Table 2. Crystallization model parameter estimation results with 95 % confidence intervals e " A A . . . A
764050, .0, .0, .0, 2 6g9 20, .0, .0 .0,
Confidence  Normalized 9 "% 00 00 0, 95 %00, 00 00 00,
Parameter Description Unit Final value o, MSMPR2 Temperature [°C] MSMPR? Temperature [°C]
interval 95% StdDev
kg Growth rate constant um/s  5.34E-4 1.59E-3 151% » The contour images show higher T2 _Table 4. GSA analysis: effect of temperature on quality
g Growth supersaturation order - 1.56 0.40 13% and,T4 rgsult in lower yield, but larger Factor\CQA__Yield D10 D50 D90
) ) particle size. T 0.0023  0.0050 0.0041  0.0035
kg, Dissolution rate constant um/s 1.66E-3 1.74E-3 52% + Table 4 shows that Stage 2 and 4 T2 02627 05540 05097  0.4609
Ya Dissolution supersaturation order - 1.44 0.16 6% temperatures exhibit the highest T3 6.22E-04 0.0074 0.0061  0.0047
ke, 1° nucleation rate constant #m*s  26.38 9.96 19% impact on the final product size and T4 1.1129  0.5057 0.5605 0.6344
by 1° nucleation supersaturation order - 1.77 1.93 55% yield (in yellow). 15 0.0731_ 00015 0.0022 0.0030
k, 2° nucleation rate constant #mds  19.70 10.90 28% 4.2 Uncertainty of model parameters effects on product quality
b, 2° nucleation supersaturation order - 2.14 20.14 477% ¢
Linin Minimum size undergo attrition um 205.50 2357.75 680%
Aso Agglomeration parameter N/m 8.2E-3 3E-2 135%
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3. Model validation through 5-stage MSMPRs ‘\\

Model-based optimization and validation were done for a 5-stage MSMPR crystallizer
with the objective to achieve maximize final product crystal size. The decision
variables and constraints are shown below.
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Objective function Maximise D3

Stages 090 [um]

Decision variables (n = 5) Ty, ...T;; Seed mass

20 <Ty,..T; < 60°C

Tivels]

Constraints 5% < seed mass < 20% st

0.9 < yield <1

The above figures show the effects of uncertainty in the growth parameters with
their corresponding confidence interval on uncertainty space of quality attributes:
final stage solution concentration and particle size of Dy, Dso and Dgg.

The experimentally measured points (red circles) fall within the uncertainty region of
Dsq and Dy, with a slightly deviation of Dyq.

5. Conclusions
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« The workflow was applied, using human-designed experiments to target specific

Ea] Optimal conditions to maximize size change mechanisms; parameters and their 95% confidence intervals were
mean size . . . 4r
estimated; the effects of parameter uncertainties on predictions were calculated.
< - — "
« flowrate = 10 g/min; Vipa = 1000 ml & V; ...V, = 200 ml « Sensitivity analyses were employed to explore the uncertainty space, in terms of
= s Vtotal — 1Vi—

o . . i . the most influential model parameters, and process parameters.
« Optimization leads to spatial temperature cycling with alternating growth and

dissolution stages leading to a small population density of large crystals.
« The 5-stage continuous crystallization was setup in the lab as shown above.

« There is scope to reduce parameter uncertainties further using optimal design of
experiments

» A multi-stage continuous crystallization Digital Twin was built with in silico, to allow
optimization of steady-state operations in the MicroFactory.

« MicroFactory validation run: The optimal conditions were implemented

[1] Bhadra, S.; Kumar, M.; Jain, S.; Agrawal, S.; Agrawal, G. P. Spherical Crystallization of Mefenamic Acid. experlmentally; the Steady—s'tate OUtPUtS were Compar'able. to .those PredlCted by
Pharm. Technol. 2004, 28 (2), 66-76. the 5-stage MSMPR crystallizer model, but further validation is required..

« Data were collected through online PAT and offline measurement and compared
with simulation.
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