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Model for batch cooling crﬁéllizatipn

o Model for the crystallizer
For modeling crystallization process, PBE is employed.

(LY AG(LY- f(LY] f(0.)= B
ot oL Gl._,

where, fis the population density of crystals, t is the time, L is the size of the
particles, and G is the growth rate. (No breakage or agglomeration)

The overall growth rate is given by
G =k, (T,L)-Ac?

where 4c is the difference of the concentration in the solution, c, and the saturation
concentration c*. And Kq is the growth kinetic parameter.
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Model for batch cooling crystéllizati_on

The growth kinetic parameter,k,
-E k
Ky (T, L) =K, exp( g)(1+k L)"™

where, f is the population density of crystals, t is the time, L is the size
of the particles, and G is the growth rate.

The mass balance
dc du
= _p.k, 2
a0

where, v, is the third moment of the CSD

The third moment of the CSD
— j n-L3dL
0
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Model for batch cooling crﬁéllizatipn

The nucleation rate
=k, (T) -Ac”(T)

The nucleation occurs if the metastable limit is violated.
The population density of crystals is expressed as
following equation,

The method which was suggested by Hu et al. [2] provides a
means to reduce the PBE to a set of algebraic equations.

f(L,t.,)~ ARG
i1 tj+l)
1+ G(LY At
oL L=L,
L., IS given by
L 2= G(L  t)At+ L
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Simulation results of static MSE model with

PBE : e
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Crystal size distribution of static Mj_ model (CMy= 34%)

35

ISimullationl condition\

- 20°C/hr linear cooling
25 |
10 | |
51 “‘“"'""0.'

0 -' : = 5

(=]
o

Product weight[g]
o
T

‘.‘ 200 :3’00 51010} 800 1000 1200 1400 1600 1800 2000
5 ** Crystal size [1m]
Nucleatlon are happened in experimental results.
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Dynamic MSL model pga'mete_ﬁs

e Saturation
1 o gigixﬁ Temp.(C) k tau
TS35Exp
i TS30Exp : :
12— TS50Predict s Bl R e e
——TS545Predict|
o 0 L 50 0.0067970 |0.308611
TS35Predict|
g ——T530Predict &
45 0.0035823 | 0.203221
40 0.0025686 | 0.138270
Cooling rate( T hr)
_ 35 0.0016849 | 0.0788168
1.The parameter of MSL model are function of
saturation temperature.
30 0.0012498 | 0.0316436

2.The value of parameter ‘p’ is fixed at 2.2 from
experimental results.
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Relation of model parameter & satu'ration temperature

I |(exp

|Azpreu:iiu:‘[

030 35

40 a5
Ts (T)

50

tau = 3.278e-3*exp(9.120e-2*Ts)

k = 5.346e-5*exp(9.628e-2*Ts)

tau

0x

b tauex
06 H ——tau

p

predict
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Simulation results of dynamﬁMSL medel
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Simulation results of dynamﬁMSL medel
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Crystal size distribution of dynamic MSL model(cVv = 16%)
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Nucleation are reduced. _
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Crystallization l(p'plet -

@ Crystallization applet
Developed for enhancing the understandings of
the crystallization behavior.
Effect of kinetic parameters
Effect of agglomeration and breakage
Effect of cooling strategy

Applet program
Platform independent
Java runtime is required
Interactive user interface
No user installation
Online/offline

14
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rystallization @Iet

-

Simulation of Batch Cooling Crystallization

Temperature Satura np Caoncenration Saturated Cone. NumbernMaormalized) HumbenMormalized)|
5000 Curent Temp: 080 - Current Come: Size(D.1mm)
Supersaturated Tem Ti n

Time

B Linear Caoaling (-20°C)
B Mon-Linear (Type [}
B Mon-Linear (Typa |1}
B Customn Defined {Type I
M| Custorn Defined (Type 11}

- Nucleation rate (Kn x AC°m) | 0 o —

J 7 - 3 1

am 1 i i Kn loota z‘ n 1o z‘ 5% o o
SRR ,_.3:‘. - i‘ Size(D.1mm)

Freeze

B Crystal breakage =N [Set Viewing Angle (3D Graph)]| B= [ Liwed%) - LiwlS%) 14 { 2 * LiwS0%) 1] * 100

B Crystal agglomeration|i 7 =+ [porerssneeiaeeee |
B| Dynamics of metestable lim. | CV = Standard devistion / Mean value

B Sesding R @ coonssenoeras ]

Choose a cooling strategy and click the RUR button, then this shows crystal distribution.

Yfou can change parameters and options by clicking the buttan.
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Product parameter Natural cooling | Contr. cooling Contr. cooling
No seeds No seeds Seeds

Weight meansize | 168 um 215 um 287 um

Number mean size 72 um 70 wm 62 um

Fines (%<100 pm) 6.8 % 47 % 5.0%

CV (%) (wm) 25% 32 % 31 %

CV (%) (n.m) 89 % 102 % 110 %

* Controlled cooling and seeding increases the weight mean size.

* The width of the distribution increases

Process System Engineering Lab., Dept. of Chemical and Biological Engineering, Korea University
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Optimal Cooling Strategys

@ Inside metastable region
AT .. >AT >0

@ As possible as close to the metastable limit

The higher supersaturation makes the higher crystal
growth rate. A

o Desired supersaturation level (7,.)
The nucleation should be prohibited.
Too close to the limit is dangerous.

=

Desired supersaturation level 7, <1. &

n = AT :
ATmax

Temperature

19
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@ Objective function for optimal cooling curve
Multi-step prediction is used.
Objective is maximizing mean crystal size.
Violation over desired supersaturation level .. works as
penalty.

rTn(tIr; _a)lL(tN )+(77_77des)TW (77_77des)

|f 77k _ndes < 0, then 77k _77des = 0
T(C)-T AT
AT AT

maX Max

where 7=

Process System Engineering Lab., Dept. of Chemical and Biological Engineering, Korea University
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Optimization based on Geng Algorithm

@ Characteristics of genetic algorithm (GA)

GA is a search technique used in computing to find exact or
approximate solutions to optimization and search problems.

Genetic algorithms are categorized as global search heuristics.

Genetic algorithms are a particular class of evolutionary
algorithms that use techniques inspired by evolutionary
biology such as inheritance, mutation, selection, and
crossover.

a Advantages of GA

The major advantage of GA is their flexibility and robustness
as a global search method.

They do not need gradient information and make relatively few
assumptions about the problem being solved.

They can deal with highly nonlinear problems and non-
differentiable functions as well as functions with multiple local
optima.

21
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Optimization based on genﬁ algorihm

@ Fitness function

In order that the crystal growth rate is maximized while the
nucleation rate is minimized, the operation should be close to
MSL as possible and this problem can be formulated as an
optimization problem.

The objective function can be chosen as a function of the third
moments of the CSD.

For reality, cooling rate has upper and lower bound.

Operation time and termination temperature sets to be
identical for all types of the cooling strategies.

min (40 +w—)
o T

subject to 0 <u(t) <50

&)
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Simulation Results (Lin@ cooling)
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Fig 2. (a) Evolution of CSD for the linear cooling curve, (b) The linear cooling curve and
e metastabtetmmt(c)-Seedandnewty-formed-crystat-stzedistribution
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Simulation Results (Natﬁl
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Fig 3. (a) Evolution of CSD for the natural cooling curve, (b) The natural cooling curve and
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Simulation Results
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Fig 1. (a) Evolution of CSD for the optimal cooling curve, (b) The optimal cooling curve and
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Fopulation density

seed distribution of the aptimal coaling at final time
— — —nuclei distribution of the optimal cooling at final time
— — —zeed distribution of the linear coaling at final time
nuclel distribution of the linear coaling at final time
seed distribution of the natural coaling at final time
nuclei distribution of the natural cooling at final time
seed distribution at initial time

26



_~

Example 1: Linearf€oolings

@ EXxperimental procedure
Making up solution.
(NH,),SO, — H,0 solution
Concentration :
0.8425(Ts=507C)
Keeping temperature as
initial temperature for 1hr.
RPM of agitator : 1000rpm
Starting cooling experiment
Adding the seed crystal
when reactor temperature
cross over the saturation
temperature
Seed crystal size : 462.5:n
Seed crystal weight : 10g
Filtering solution and drying
the crystal

27
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@ Estimating optimal initial temperature for linear cooling

Experimental condition
Solution concentration : 0.8425 [solute kg/ solvent kg]
(T,=50C)
Cooling rate : 20C/h
Processing time : 80 min.
initial temperature : 51C, 53C, 55C, 57C
Expected results
From 51T
Crystal size : 1050 un
Total weight : 92.61¢g
Broad crystal size distribution.
From 55C
Crystal size : 990 um
Total weight : 77.629
Narrow crystal size distribution.
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a Simulation results of linear cooling from 51C and 53T

Tus. time w10 crystal size ws. time
55 12
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(a) Linear cooling from 51T, (b) Linear cooling from 53
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a Simulation results of linear cooling from 55C and 57C

Tws. time w10 crystal size vs. time Concentration vs. time
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(c) Linear cooling from 55T, (d) Linear cooling from 57°C
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pl— . . . . )
200 400 BDO0 BOO 1000 1200 1400 100 1800 2000
Crystal size [wm]

. - . e
200 400 600 800 1000 1200 1400 1600 1800 2000
Crystal size [sn]

Crystal size distribution Accumulated weight percent

From 51°C From 55T

Mean crystal size (um) 971.81 1008.8
Total weight (g) 90.3235 78.3077

CV (%) 32.994 18.46

% CV (Coefficient of variance) L, -L,
o . CV :100 84% 16%
under the 20% Implies
uniform size distribution. 50%
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Example 2: Linear vf()ptim;al

@ Optimal cooling Strategy
Experimental condition
Solution concentration : 0.8425 [solute kg/ solvent kgl
Processing time : 80 min.
Initial temperature : 52.5C
Final temperature : 23T
Cooling curve
Linear cooling : 22.125C/h
Optimal cooling : by simulated data
» Maximum cooling rate : 25C/h
» Maximum heating rate : 5C/h
Expected results
Optimal cooling
Crystal size : 1050 um
Total weight : 92.619g
Narrow crystal size distribution.
Linear cooling
Crystal size : 1050 um
Total weight : 92.619g
Broad crystal size distribution.
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a Simulation results of linear cooling and optimal cooling

(a)

(b)

Temperature [1C]
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o Results of Experiment
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Process Analyt

ical
Technology (PAT)Z]
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@ Process Analytical Technology (PAT)&2}?
22121 FYV|E 0|28 S 28 = Moo=
PATS| S=2 i S = 0lsistal Al01617] SiEL.

o o =SR8EI}?
“Quality can not be tested into products; it has to
be built in by design.” — FDA

HSF0| SUst 2tFoj 2Jsl Hitx| FEO| 2F £[0{0} &
o PATY| 7|Ci=u}
SsY
Hordz

et FE
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o PAT Tool2| 7|Ci= 1}
Multivariate data acquisition/analysis
=2 SHWHLE 1191617| et Design of Experiment
Process analyzers
Off-line, at-line, on-line, in-line, non-invasive
Process endpoint monitoring and control
SdS ELIEESI 5t ZIZH| 74
Z|E MALS0| CHoll BtS EE= Z ™3t AlZE CHAl 2O ™ =tst
S4= 0|3¢et 24 7ls
Continuous improvement/knowledge management
Al 2| 2 2FIMe| et R =X
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Process Analyzers

HEHOl &3 Uy
Temperature, pressure, pH, turbidity, ... probes
Mass flow meter
Volumetric gas uptake/evolution

ZZ2e| S¥WHY
In situ real-time (Operando) spectroscopy (midIR, NIR, UV-vis,
Raman, acoustic)
In situ real-time particle analyzer (FBRM, PVM,...)

Oj2Hojl L= WS

Advanced data management

software package

Remotely controlled /in situreal-time
process sensors with high sensitivity
New process sensors (combo probe,
diode laser frequency modulation
spectroscopy,...)

T-controlled Reactor gi#!

Process System Engineering Lab., Dept. of Chemical and Biological Engineering, Korea University
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o HIENF2| £

Attenuated Total Reflection Fourier Transform
Infrared (ATR-FTIR) spectroscopy

= degree of supersaturation?| &3

F 100
Iy, reflected 1,z absorbed- |
1y waAve / Te ﬁL‘CLL‘d Wave - 80
Crystal ATR r 8
[imelex n } I 60 g
Sample (indesx n,) I E
f A F4D 5
=f ! I
dy, depth of penetration Citric - 20
t ¥ Acid
— 77— 71—+ [ - T
4000 3500 3000 2500 2000 1500 1000 500 0 Y T T 4 = B T
-1
Wavenumaer [cm’] Concentzation of Citric Acid in Water [Po{wia]
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o ZIo BEx &Y
Conventional methods (Offline)

Sieving: 5-12500um
Microscopy: 0.5-150um

In-process Ultrasonic spectroscopy

FI=r71 1-150MHz Heie| =St 1mm-5cme| path&
S6l= S0l 12H|e] =0 mi2} =S o] Zx(intensity)
Il Hstst= A= 53

Z4™ 3717} 0.1um-100um Al0|2] ZH 30%-70% Alo|2]
solid S &%

25 = 715 9| Attenuation0f O}= calibration E

Process System Engineering Lab., Dept. of Chemical and Biological Engineering, Korea University
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In SituParticle Size Analyzer (PSA)
Laser beam2 Z=AI510{ HIAIEl= ZIS S35l QdAIe] £L} 3
7|& &3 (Focused Beam Reflectance Measurement,
FBRM)

Q1Xxte| SHElof iz} 0{2{2 calibration ER
= SFUSECHE ACHE Heie| SHoj| =&t

Sapphire !
Window ‘&— Typical Particle

- ~
/ De‘Eector — Fiber Optic ~ N
s Laser i ) i
/ Diode — Beam Splitter \ Laser Beam
.I’I 8 “ Laser Beam \\ \ Scan Direction

& | -% . F—>
! a Fixed High

3 . _-':",,_‘/' Chord Length
i Welocity / \
L 5 R
__ L J Intensity Profile
. Probe at approx. o Ee /’ &
45 angle to turbulent 2 IS A SO
‘I| t .

~ well-mized flow. . i
1

| Optics
1 Ratating at
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In-process Video Microscopy (PVM)

Process System Engineering Lab., Dept. of Chemical and Biological Engineering, Korea University

HES7| LS| &t XIFOIA] AlZHof = 23 ALl capture
ZAFo| AL} 2| ¥H3}, agglomeration, breakageSS
=O= &0l

AAIEel SYAUE LIELX] S

In situ PSA2} 20| Al2sl= Zi0]| QlHIA

o) 102 ZtzHo= ENE 1§l
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o AZFXE 3 Morphology?| &3
Raman spectroscopy

dY A= &9 Hy

In-process XRD (X-Ray Diffraction) Ml

Polymorphojl @2} CHE $IX[0f|M LIEILE= X-ray 2|&E2| &
=0j 2|5l polymorph?| == &3

PVM
HIS7|LH2] Z230]| CHEt AlZlE Sofl 23
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[HEX Exampﬁ '

Q Polymorph Hoje =

AMEQ AYTE
Z4A9°| morphology
crystal size distribution (CSD)
Y B, U S
oI Zy
MY
=
AAEA|ZE - crystallization, filtration, drying
Buls MMEF - g/L, kg/batch
ZgsE - 24H| S

(&H: J. Wang, C. Loose, J. Baxter, D. Cai, Y. Wang, J. Tom, and J. Lepore, “Growth promotion by H20
in organic solvent —selective isolation of a target polymorph,” J. of Crystal Growth, 283, 469-478 (2005)
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<> =2l Form | MEEE (7|E WHOE 18 A|ZH 0|& £ 2)
0> =2l Form II0{|A{ Form I22| HEl &= (EX I UM R HE)
40°CO[AHOIM 25l (2 2E0IA =)
Form | M0 22 Ma+ 2L (<500 L/m2/hr)

o =FIMeo| oA
Form |2| MEHM MZIS 9|5t = ul2jo|E{e| met
&4 Form 12| MAlS 915t Z245tn S22l 20| A
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Form | seed + controlled n-Heptane addition at 25°C

70 JN
0T Add

% /Star’r aging

Start heptane charge

30T geed

40 +

Concentration (g/L.

100%1I

0 2 4 6 8 10 12 14 16 18
Time ( hr)

Control anti-solvent Addition Rate to maintain C < C*,,
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Narrow metastable zone of Form Il

70 4

: Problems:
60 '\

'\ _ Form II Solubility * Poor robustness
s0 4 10% ", Form I Solubility

* Long time cycle

* Low volume productivity

40 1

30 §

Concentration ( g/L.)

20 § How to enhance the

[ 0.4% II growth rate of Form I?
10 +

Time ( hr)
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High C,,,o — high growth rate
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» KF= 1462 mg/L '._-/
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.’
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-*f"'
P
- J‘l
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o
.,."'-" (T = 20~23°C)
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(o e 0
0 .

0 2 4 6 8 10 12 14 16 18 20
t*a0 ( hr*g/L)

Effect of H.O on k& in 70:30 of (1IPA+10EtOAc):

n-heptane at r.t., a,=3.95g/L. ma~30um.

Concentration { g/L )

A highly efficient process
with high C,,

140

--4 - Measured Concentration
Concentration by Dilution

Form I Solubility
Form I Soubility

100% I

0 1 2 3 4 3 6
Time ( hr)

A seeded batch 1sothermal rex in EtOAc
(4840KF)/n-heptane system at 23°C.
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o ZHEIALSE
=L L2i0jE ==
Anti-solvent addition rates

Solvent composition } Pure Form |

Seed quality and loading

o JfMZA N}
Sl 45 Form | AAF 244
Cycle time EI= (2~4 hours vs. 18 hours)
o{IlS 2 A (~ 400 L/m2/hr vs. <500 L/m2/hr)

ChHFulg ek skat (~60 g/L vs. ~20 g/L)
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Thank you!
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