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solutions of asparagine differ significantly from each other. The corresponding calculation of the

driving force of enantiomeric systems is discussed in detail by means of ternary phase diagrams.
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1. Introduction
Population balance equations (PBE) present a sophisticated and well-studied mathematical basis
to describe and optimize crystallization based-processes. The general equations were developed
during the past decades and have been studied intensively since then [1, 2]. New applications of
this model framework are continuously developed in various fields, e.g. for the description of
crystallization-based enantioseparation processes like Viedma Ripening or Preferential
Crystallization [3-10].
Preferential Crystallization (PC), for example, requires that growth Kinetics are fast enough to
yield a sufficient depletion of the crystallizing enantiomer in the liquid phase, i.e. a sufficient
“entrainment”, before the dissolved antipode nucleates. Hence, crystallization kinetics play an
important role for this elegant but fragile resolution method similarly to other sophisticated
solidification processes [11-13] and PBE modeling can be beneficial to identify suitable initial
and operating conditions.
A recently developed shortcut method [14, 15] will be applied in this study to estimate
crystallization Kinetics that are necessary to link the mathematical framework to the process type
and the chiral substance system of interest. This method is based on measuring the liquid and

solid phase evolution of a few polythermal preferential batch crystallizations. The state of the



solution, defined by composition and temperature, is subsequently utilized to calculate the
crystallization driving force for each enantiomer. Changes in the crystal size distribution (CSD)
and number of crystals are tracked by an image-based online measurement technique. The
recorded images are automatically evaluated afterwards with respect to the dimensions of the
observed single crystals. From this extracted single crystal size distribution (Fig. 1), only the

initially present seed material is of interest for growth and dissolution.
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Fig. 1: Simulated solid phase evolution of a generic substance system. Each crystal size
distribution (CSD, grey dashed lines) depicts one measured sample at different time instances (to-
ts). Black lines depict the evolution of the initially present seed material and black dashed lines

the calculated mean size of the grown seed fraction.

Assuming that the crystallizer is well-mixed and crystals evolve size-independently, growth and
dissolution rates should be the same for each individual of the whole population. Hence, it is
straightforward to look for the transient of the mean size of the seed fraction (black lines in Fig.

1) to have an objective measure on the impact of the growth (G) and dissolution (D) kinetics on



the total population [16]. This mean size evolution can then be used, together with the driving
force of the corresponding enantiomer, to estimate directly the kinetic parameters of a
corresponding mathematical approach without the usage of a full PBE model. A similar
procedure is followed to estimate nucleation kinetics (Bo) from the crystal number evolution.

In the following, the experimental setup, the substance system and the general procedure of the
shortcut method are explained in detail, followed by a discussion on the calculation of the
driving force for chiral systems. This shortcut method will then be applied to asparagine
monohydrate, a non-essential amino acid, which is also the focus of a few recent publications
[17-20] to determine growth, nucleation and dissolution kinetics. There is evidence, that the
presence of the counter enantiomer influences crystallization kinetics of L-Asn [19, 20]. Hence,
this study aims to clarify this effect over a broader range of operating conditions (i.e. temperature

and supersaturation).

2. Experiments
2.1. Substances and characteristics of the asparagine monohydrate/ water model
system

For the crystallization experiments, racemic Asparagine monohydrate and L-Asparagine
monohydrate were purchased from Sigma Aldrich (Purity >99 %). Both were used without
further treatment. D-asparagine monohydrate was crystallized from D-Asn enriched mother
liquors obtained from Preferential Crystallizations with L-Asn (see Table 2 and section 3.2).
Perchloric acid, which served as eluent for HPLC analysis was ordered from Merck (Purity 70-

72 %). Deionized water (Millipore, Milli-Q Advantage A10) was used for analysis, washing of



the crystaline product and the actual experiments. Ethanol, used for the washing procedure as
well, was purchased from VWR Chemicals (Purity >99.7%).

L-/ D-asparagine monohydrate is a conglomerate forming system [21] and therefore Preferential
Crystallization (PC) can be applied directly from a supersaturated racemic liquid phase. Relevant
physical properties are listed in table 1. The specified volume shape factor was calculated from
the average of length and width from the measured crystals of all experiments assuming a
rectangular prism shape. The volume shape factor relates the volume of a crystal to the volume
of a perfect cube with respect to the same characteristic length [1], which is in case of asparagine
monohydrate the crystal width, and is necessary for utilizing of population balance models. The
factor was almost constant during the experiments and a dependence of the morphology of the

asparagine monohydrate crystals on the operation conditions was not observed.

Table 1: Relevant physical properties of asparagine monohydrate (racemic Asn-H,O is only a

physical mixture of D- and L-asparagine monohydrate).

Property Unit Value
Molar mass (monohydrate), Mhyqsr. | g/mol 150.13
Molar mass (anhydrous), Mannyar. g/mol 132.12
Solid density, ps glem’ 1.54
VVolume shape factor, ky - 1.85

Solubility data of L-Asn-H,0 was taken from [21] (black dots in Fig. 2) and mirrored to the D-
Asn-H,0 assuming identical solubilities of both enantiomers. The data was verified by additional

isothermal solubility measurements (white dots in Fig. 2). The corresponding ternary phase



diagram forms the basis of the experimental design and supersaturation calculation, which is

explained in section 3.1.

D-Asn~H20
16

Fig. 2: Relevant part of the ternary phase diagram (20% section of the entire diagram) of the
asparagine monohydrate enantiomers in water at different indicated temperatures [22]. Axes are
given in mass fractions x;-100 (wt%). Black dots - solubility data from [21]; White dots - newly
measured solubilities; Red surface - fitted solubility surface of D-Asn-H,O; Blue surface - fitted

solubility surface of L-Asn-H,0.

2.2. Experimental setup



All polythermal crystallization experiments were carried out in a 2.5L double-walled crystallizer
equipped with a baffled draft tube (Fig. 3). Temperature was monitored by a Pt 100 and a
corresponding instrument transformer (Ahlborn Mess- und Regelungstechnik, Almemo 2590-4S,
accuracy: +0.1K). A calibrated densitometer (Mettler Toledo, Densitometer DE40) fed by a
peristaltic pump (Heidolph, Pumpdrive 5201, V = 35.6 ml/min) served to measure the total
asparagine concentration of the solid-free liquid phase. Additional crystal-free offline samples
were withdrawn every 6-7 minutes to investigate the enantiomeric composition via HPLC
analysis.

A commercially available online microscope (QicPic, Sympatec) was utilized to record the solid
phase evolution. Therefore, the suspension was withdrawn unclassified by a peristaltic pump
(Ismatec, ISM915A, V = 540 ml/min) and pumped through a cuvette located inside the system.
A light source and camera were attached on opposite sides of the cuvette, perpendicular to the
flow path. Up to 25 greyscale images per second can be recorded of the bypassing suspension.
This image data is subsequently analyzed automatically [23, 24] with respect to the dimensions
of the recorded single crystals. In addition, sieve and phase analyses of the solid products were

performed as described below.
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Fig. 3: Utilized 2.5L DTB double-wall crystallizer equipped with an online microscope (QicPic,
Sympatec), a temperature sensor (T) and a densitometer (Mettler Toledo, DE40). All tubes were

heated by thermostats (Lauda, RPC 845) to prevent blocking or encrustation.

2.3. HPLC analysis

Offline samples of the liquid phase and the solid products of each experiment used for growth
Kinetics estimation in racemic solution as well as each fraction of the sieved products were
investigated by HPLC with respect to purity and composition. A Crownpak CR(+) (4x150 mm,
particle size 5 um) column was utilized with a Dionex Ultimate 3000 system (Thermo Scientific)
and perchloric acid/ water (pH = 1) as the eluent. The flow rate, UV wave length, column

temperature and injection volume were 0.4 ml/min, 200 nm, 5°C and 1 pl, respectively.



2.4. Sieve analysis

Sieve analyses (Retsch, AS 200 digit) of every product were performed to confirm and
complement the measurements of the online microscope. Each product sieve fraction (sieve
fraction were 90 um - 1 mm) from the PC experiments (for growth Kkinetic estimation in racemic
solution) was additionally investigated with respect to purity to evaluate the contamination of the

preferred enantiomer with its antipode due to primary nucleation.

2.5. X-Ray Powder Diffraction phase analysis

The solid products were investigated on an X’Pert Pro diffractometer (PANalytical GmbH,
Germany) in a 2-theta range of 5-40° with a step size and step time of 0.017° and 50s,
respectively. No phase change was observed during the investigations and always the

monohydrate of asparagine was crystallized.

2.6. Experimental procedure

Three sets of experiments were planned to investigate and evaluate the crystallization kinetics
under different conditions. The first set (referred to as DL#) was started from clear saturated
racemic solutions. The second set (referred to as L#) was carried out in enantiopure L-Asn
solutions. Two experiments of the last set of validation experiments, which were not utilized for
parameter estimation, were started from racemic liquid phase composition (referred to as Val-
DL#) and one experiment again from L-Asn solution (referred to as VVal-L#). All experiments are
listed in table 2.

Clear saturated solutions (DL-Asn or L-Asn solutions, Table 2) for each experiment were

prepared based on the solubility data shown in Fig. 2 for the respective saturation temperature
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(Tsat, Table 2). Saturation temperatures were chosen to investigate the kinetics in the range of the

known part of the ternary phase diagram. Saturation temperatures >40°C were neglected due to

the high probability of crystallization inside the online microscope bypass.

Table 2: List of all experiments carried out for this study with the corresponding conditions. T

- saturation temperature; Mg, pL4/L-Asn-H20 - Mass of racemic or L-asparagine monohydrate for

saturation; mu2o - mass of initially provided water; AT/At - linear cooling (-) or heating rate (+).

Exp. Tsat  MsatpLL-AsnH20 — Mi20 AT/At Seeded enantiomer
[°C] [ka] [ka] [K/h] and fraction
[um]
DL1 40 294 2300 -3 L-Asn-H,0, 90-125
DL2 40 294 2300 -5 L-Asn-H,0, 90-125
DL3 35 231 2300 -5 L-Asn-H,0, 90-125
DL4 30 188 2400 -5 L-Asn-H,0, 90-125
L1 40 146 2500 -5/+20 L-Asn-H,0, 90-125
L2 35 118 2500 -5/+15 L-Asn-H,0, 90-125
L3 30 94 2500 -5/+10 L-Asn-H,0, 90-125
Val-DL1 35 241 2400 -8/0/-10 /+24/-12 L-Asn-H,0, 90-125
Val-DL2 35 241 2340 -4 D-Asn-H,0, 90-125
Val-L1 35 118 2500 -8/0/-10/ +17/- L-Asn-H,0, 90-125

14/+27
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Complete dissolution of the solid feed material (msa asn-H20, Table 2) was ensured by keeping the
initial solutions 10K above saturation temperature for at least 1h. Afterwards, linear cooling was
initiated at different rates (AT/At, Table 2) and seed material was added after the prepared
solutions were slightly subcooled (AT = 1K). The utilized cooling rates were adjusted to yield
moderate supersaturations causing significant growth and nucleation but no massive burst of
nuclei, which would complicate subsequent analysis.

Seeds were prepared directly from the L-Asn-H,O feed stock by careful sieving (fraction 90-
125um) and the initial crystal mass was fixed at 2.6g (around 1% of the expected product mass
of an Asn-crystallization with Tg; = 45°C and Tyt = 20°C). D-Asn-H,0 seeds were prepared by
a recrystallization of the mother liquors from Preferential Crystallizations of DL-Asn. The seed
size, i.e. the sieve fraction (90-125um), and mass (2.6g) was the same as for the L-Asn-H,O seed
material.

Online recording of the density was initiated after solid feed material was added to follow the
overall concentration evolution. Offline samples for liquid composition analysis by HPLC were
withdrawn every 6-7min shortly before seed addition and greyscale videos (30s at 20fps) were
collected by online microscopy every 2-3 min following seeding.

All experiments were interrupted after a certain size of the grown seeds was achieved to prevent
blockage or sedimentation inside the online microscope. Products of the Preferential
Crystallizations (Exp. DL1-DL4 and Val-DL1, Table 2) were subsequently withdrawn, filtered
and washed with an ethanol/ water-mixture (40/60 wt-%) to prevent nucleation in the adherent
mother liquor or dissolution of the crystals. The crystallized material was finally sieved and each

fraction analyzed with respect to purity and structural identity.
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Product suspensions of the pure L-asparagine experiments (L1-L3, Table 2) remained in the
crystallizer and were heated again to study the dissolution kinetics. The linear heating rates were
chosen to yield significant undersaturation but even with 20 K/h, which was close to the
technical limit of the setup, only small driving forces for dissolution were achieved, complicating
the final estimation of the kinetic parameters. The online sampling procedure (online density,
online microscopy) was the same as for the crystallization part of the experiments.

Three different validation experiments were carried out after estimation of the crystallization
kinetics (Val-DL1, Val-DL2 and Val-L1, Table 2). Several linear cooling and heating ramps,
different from the previous experiments, were combined to evaluate the estimates at varying
conditions. Only the second validation was carried out with one constant cooling rate to compare

growth of D-Asn-H,0 seeds to the one of the L-enantiomer.

3. Estimation and validation procedure

3.1. Driving force calculation in a ternary system

Preferential Crystallization is essentially an instable process carried out in the supersaturated,
metastable region of the ternary phase diagram (blue region in Fig. 4). Addition of enantiopure
crystals to a racemic liquid phase (50/ 50 D- and L-enantiomer, thin dashed line in Fig. 4) yields
a selective removal of this specific enantiomer from the motherliquor until the antipode
nucleates. Afterwards, both species grow simultaneously until equilibrium conditions are
reached, i.e. until both, the solid and liquid are of racemic composition. A change in the liquid
phase composition will alter the driving force of both stereoisomers, which needs to be

considered in the calculation of the supersaturation to describe a Preferential Crystallization
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appropriately. Additionally, a supersaturation calculation dependent on the liquid phase
composition is essential to compare and evaluate Kinetic experiments from racemic and
enantiopure solutions. The theory will be explained in the following on the example of a chiral
hydrate forming system shown in figure 4.

The driving force is formed by the chemical potential of one particular enantiomer in the current
state of the system and the respective equilibrium or saturated state (e.g. the solubility isotherms
Xsat,D-H20, XsatL-H20 IN Fig. 4). However, equilibrium conditions must be avoided during a
Preferential Crystallization, since the liquid phase state is then at racemic composition at the
intersection of both isotherms and the separation was not successful. The state of the liquid phase
needs to be kept in the metastable three-phase region (e.g. Xio(t) in Fig. 4). A saturation or
equilibrium state does not exist for the supersaturation calculation in this area and, hence, the
extensions of the solubility isotherms are utilized as the reference state [25]. They are termed
metastable solubility isotherms (bold dashed lines in the blue area, Fig. 4) and are calculated by
extrapolating the solubility isotherms into the three-phase area. The corresponding reference

state for the current state of the system (xio) is, thus, given by the extension of the lines

connecting the pure phase corners with the actual state (L-H,0x;,, D-H,0OX;,, red and blue

dotted lines in Fig. 4) to the metastable saturation isotherms (red and blue dots in Fig. 4). The
ratio between the chemical potentials of the current (green dot, Fig. 4) and the individual
reference state (red or blue dot, Fig. 4) is a measure for the driving force of crystallization of
each enantiomer. Nevertheless, for the calculation of the supersaturation (eq. 1), only mass
fractions of the states are used instead of the chemical potential, which is sufficiently accurate for

most engineering purposes.
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Xsat,L-H20
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Fig. 4: Ternary phase diagram of two hydrate forming enantiomers (L-H,O and D-H;0) and
water at a certain temperature. A supersaturated, slightly D-enriched liquid state (green dot, Xio)
and an undersaturated, slightly L-enriched liquid state (black dot, X’io(t)) is indicated. The
supersaturation for each enantiomer for the state x;o(t) is depicted as the distance (blue and red
double-arrows) between the actual state (green dot) and the corresponding extension of the
solubility isotherm (black dashed lines). For the sake of clarity, only the L-undersaturation is
depicted as the distance between (x’ip) and the solubility isotherm (black solid lines Xsatp.H20,
XsatL-H20). White, yellow and blue areas mark the one-, two- and three-phase domains of the

monohydrate, respectively.

It should be noted, that the ratio between the mass fractions of the opposite enantiomer and the

solvent are constant along lines L-H,0%;, and D-H,OXx;, (isopleths), which needs to be
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considered in the determination of the corresponding reference states (x..) located on the

sat,
metastable solubility isotherms (blue and red dots on the bold dashed lines in Fig. 4). The
supersaturation of the monohydrate of an enantiomer i (i = D-H;O, L-H;0) is therefore
expressed by eq. 1 where the denominator describes the calculation of the saturated state based
on the actual temperature (T).

XiO

Xsat,iV(T)

S,(T)= for i=DH,0, L-H,0 (eq. 1)

In this study, the investigation of kinetics is based on polythermal seeded batch-crystallizations,
where the driving force is dynamically changing due to changes of temperature, T, and
composition, x;. Hence, a transient supersaturation calculation is utilized given by eq. 2.

Xio (1)

Xsat,i (T (t) ’ XXJO(t)(t)

St T,x)= fori=D-H,0, L'H,0 and j=D-H,0, L-H,O=i (eq. 2)
i i 2 2 2 2

)

where the denominator describes additionally the ratio between the mass fraction of the counter-
enantiomer and the mass fraction of the solvent. In case of dissolution, eq. 2 can be utilized to
calculate the undersaturation as well (depicted as black double arrow for the undersaturated state
X’io (black dot) in Fig. 4).

Polynomial functions (eqg. 3) were fitted to solubility data from [21] using precomputed simplex
algorithms from MatLab. The resulting solubility surface parameters are summarized in table 3.
They are identical for D- and L-asparagine monohydrate because of the mirror-symmetry of
enantiomers and were utilized subsequently to calculate the driving force for all experiments

from the recorded temperature (T) and the transient liquid composition.
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X,(0)
XSolvent (t)

Xsat,i (t’ T! Xi):K1+ KZ T(t) + KS 'T(t)2+ K4 :

(eq. 3)
fori=D-H,0, L-H,0 and j = D:H,O, L H,0 =i

Table 3: Solubility parameters for description of the ternary solubility surfaces (Fig. 2) of L- and

D-asparagine monohydrate using equation 3 based on data of [21].

Parameter L-/ D-Asn-H>O Unit

K1 0.0104 -
K, 1.0584x10™ 1/°C
Ks 2.4432x107 1/°C?
Ky 0.0312 -

3.2. Data evaluation and parameter estimation

Figure 5 shows an example of the recorded liquid phase data from experiment DL2 (Table 2). L-
Asn-H,0 seeds were introduced to the slightly supersaturated solution at t = Oh subsequent to the
start of the linear cooling (brown line in Fig. 5). A reduction of the L-Asn mass fraction starts

first after ~0.7h while D-Asn remains constant in the liquid phase (red dots and line in Fig.6).
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Fig. 5: Trajectories of the liquid state of experiment DL2. Black line - total concentration of
asparagine calculated from the calibrated density signal; Brown line - temperature; Blue and red
dots - measured concentration of dissolved L- and D-Asn-H,O by HPLC; Blue and red line -

interpolation of HPLC results for L- and D-Asn-HO.

The liquid phase composition of the same experiment is shown in figure 6 by means of the
ternary phase diagram of asparagine monohydrate. It is clearly visible, that the initial solution
(purple dot at to) is slightly L-Asn enriched caused by a non-racemic feed material. However, the
asymmetry, which is below 0.15 wt-%, is irrelevant for the Kinetic investigations since it is
considered in the supersaturation calculation. After seeding at t = to, the solution enriches with
respect to D-Asn along the connection line to the pure L-Asn-H,0 triangle corner (blue dotted
line in Fig. 6) showing selective crystallization of the seeded enantiomer. The antipode starts to

nucleate at t = tn,, which changes the trend of the liquid phase evolution towards racemic
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conditions. Hence, the measured quantities are in perfect agreement with the expected behavior
of Preferential Crystallization indicating the quality of the setup. Further processing of the
suspension would lead to a 50/50 composition in the liquid phase at the final temperature, Teryst
(purple dotted line, Fig. 6). The experiment was interrupted at teng to prevent sedimentation of
larger crystals inside the online microscope, followed by solid-liquid separation of the

suspension and washing of the product crystals (section 2.6).

Tc ryst

Tsat

L-Asn-H,O D-Asn-H,O

Fig. 6: Transient mass composition of experiment DL2 shown by means of the ternary phase
diagram of asparagine monohydrate (only a part of the ternary phase diagram shown). Purple
dots and solid line - measured composition and interpolated trajectory of the liquid phase; Black
solid lines - solubility isotherms at Tsx and Teys; Blue dotted line - connection to pure L-

Asn-H,0 corner; Purple dotted line - calculated trend of the experiment after teng.
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The crystal size evolution is extracted from the grey-scale images recorded by the online
microscopy complementary to liquid phase analysis. An image processing routine [23] is utilized
for this purpose, which mainly consists of an automatic background subtraction, region filling
and binarization by a global grey-scale threshold. Afterwards, it is straightforward to extract the
dimensions and characteristic shape factors, like sphericity and convexity, of the observed
objects from the generated black and white pictures. The shape factors are exploited
subsequently to distinguish single-particles from agglomerates and air bubbles. Figure 7 a)
depicts an online-microscopic picture of the observed objects and the selection of the relevant
crystals.

From the identified single crystals, the minimal Feret diameter (exemplary shown in Fig. 7 b) is
used as characteristic length, L, to describe the CSD evolution in the following since it is well
comparable to results of a sieve analysis. Together with the maximal Feret diameter a volume
shape factor, ky, necessary for the PBE model can be derived, which relates the volume of a cube

to the volume of the prismatic asparagine crystals.

Minimal Feret
diameter (L)
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Fig. 7: a) Online-microscopy image of experiment DL2 (Table 2). b) Image of an asparagine
monohydrate crystal in comparison with the assumed square based prismatic shape. The

dimensions measured by the online microscope are indicated.

Figure 8 shows an example of a typical trend of the size distribution for a crystallization-
dissolution experiment from pure L-asparagine solution. The initially present seed crystals start
to grow while temperature is lowered and hence, supersaturation is generated (Fig. 8 a) for t =
0...1.7h). Additionally, it can be seen, that the amount of fines increases due to nucleation during
this period as well (population in the size range of 0-50um, Fig. 8 a). At a mean seed crystal size
of 250um at t = 1.7h (Fig. 8 a), heating of the suspension is initiated causing a fast dissolution of

the present solid phase until at the end of the experiment (t = 2.4h) only a clear solution remains.
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Fig. 8: a) Crystal size evolution during experiment L1 measured by the online microscope. b)
Extracted seed crystal distributions and mean seed size evolution. ¢) Volume related total single-

crystal number (solid line and circles) and number of seed crystals (dashed-dotted line) observed

by the online microscope.

The movement of the seed peak over time is a consequence of the driving force and kinetics of
growth and dissolution. Hence, the mean size evolution of this seed population can be utilized
together with the liquid phase state to estimate parameters of suitable kinetic approaches.

However, a direct calculation of the mean seed crystal size from all measured distributions is
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challenging due to the upcoming nuclei or, if present, agglomerates and broken particles. Hence,
a Gaussian distribution, which reflects the initial seed distribution, is fitted to the seed peak of all
measurements (compare Fig. 1 and black lines in Fig. 8 b). The mean values of these
distributions (red line in Fig. 8 b) correspond hence only to the mean size of the seed population.
A detailed description of this procedure can be found in [14].

Simultaneously, all single crystals are counted, which are observed by the online microscope. It
can be seen from figure 8 c) (solid line and circles), that after the seed addition (t = Oh) the total
number of crystals increases steadily due to secondary nucleation until a certain plateau is
reached (t = 0.7h). At this point, the suspension density increased to a level, which causes
particle overlapping on the acquired image data. These particles are then labeled as agglomerates
and are not processed further, which reduces in sum the total amount of measured crystals.
Hence, only the first increase of the crystal number (until t = 0.7h) can be exploited for
estimation of the secondary nucleation kinetics. Nevertheless, seed crystals are still identified in
a sufficiently large number (dashed-dotted line in Fig. 8c), which allows for good identification
of the seed-peak.

From these explanations it becomes clear, that only characteristic parts of the data of all
experiments can be utilized for estimation of the crystallization kinetics as depicted in Fig. 9 for
experiment L1 (Table 2). For growth, only data is taken where supersaturation is present and a
positive change of the mean size is visible (blue boxes in Fig. 9). Similarly, undersaturation and
a decrease of the crystal size are necessary to estimate parameters for a dissolution Kinetics
(orange boxes in Fig. 9). Secondary nucleation Kinetics are estimated from, again, supersaturated
conditions and an increase of the single-crystal number where particle overlapping is not

detected (green boxes in Fig. 9).
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Fig. 9: Data of experiment L1 with indication of areas, which were taken for the subsequent
parameter estimation. a) Mean seed crystal size. b) Driving force with respect to L-Asn. c)

Volume-related crystal number evolution.

The chosen datasets of all experiments that starting from racemic liquid phase composition
(DL1-DL4, Table 2) are subsequently utilized to estimate growth kinetics. Datasets of all
experiments with pure L-Asn solutions (L1-L4, Table 2) served to estimate growth, nucleation
and dissolution kinetics. The respective parameters were fitted via a least-square method

satisfying the objective functions eq. 4-9 [14].
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(eq. 5)

(eq. 6)

(eq. 7)

(eq. 8)

(eq. 9)

Different kinetic approaches are fitted to the datasets to identify the most suitable one with the

least amount of parameters. The general structure of the mathematical approaches is represented

by equation 10, which is used with one (p, = const. = 1, p; = const. = 0), two (ps = const. = 0) or

three adjustable parameters. Additionally, a secondary nucleation kinetics (Bosec ) is tested (eq.

11), which should describe the nucleation mechanism better due to the suspension density

dependency. At least 1x10° parameter estimations were carried out for each approach with

randomly generated initial values due to the known correlation of parameters in power-law

equations.

-p
K =p.exp(—=)(S.-1)™
=P, p(RT)(. )

forK=G, D,Bgandi=D-, L-Asn-H,0O

(eq. 10)
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B,...= P, (S,(T)-1)" p2, for i = D-, L-Asn-H,0 (eq. 11)
3.3. Validation procedure

After parameter estimation, different validation experiments (Val-DL1,2 & Val-L1, Table 2) are
carried out to evaluate the identified kinetics. A full population balance model is utilized for this
purpose equipped with the kinetic approaches to compare experimental observations with

simulation results.

AL gt b . G, (S, (1), T(t) —8f‘§|’_ b forsi=1andi=D, L (ea. 12)

The simple model for crystallization (S; > 1) of the two enantiomers, i, (i = D, L) assumes that
breakage and agglomeration are negligible, the growth rate is size independent and ideal mixing
without volume contraction due to an evolving solid phase [1] holds. Supersaturation, S;, is
calculated for both species by eq. 2 according to the liquid phase composition that is described
by three mass balances (egs. 13 & 14) for the components of the system (L-Asn-H;O, D-
Asn-H,0, H0). It should be noted, that the solvent mass balance considers only the loss of

water due to the formation of asparagine monohydrate, which is the stable solvate under the

given experimental conditions.

d";;(—t’ =-3k,0,,,6,(S(O.TO) [ LALL )L fori=D- L-Asn-H0  (eq.13)

dm t Lmax M
(;10() - (Z- 3kvpsolidGi(Si (t)1T(t)) '[ szi (t;l— )dL jM = for I = D', L'AanZO

i Lmin Asn-Hy0
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(eq. 14)

Simulations are carried out with initial conditions equal to the starting process values (Table 2)
of the validation experiments. The seed distribution (eq. 15) is taken from the first evaluated
online microscope images and the liquid phase compositions (eg. 16) are based on the weighed-

in feed masses of the components.

IC for S; > 1.

f(t=0L)="_ .. (L) for i = D-, L-Asn-H,0 (eq. 15)
m,(t=0) =m; for i = D-, L-Asn-H,0, H,0 (eq. 16)
f (t,L=0) = z‘)." for i = D-, L-Asn-H,0O (eq. 17)

In case of dissolution (S; < 1), Gj is exchanged by D; in egs. 12-14 with an adjusted boundary
condition (eq. 17) to describe the loss of particles [14]. The model (egs. 10-17) was implemented
in MatLab and numerically solved using a pre-programmed Runge-Kutta method of 4th order.
All experiments were simulated for 10s time steps and 2000 elements of the length coordinate,

which was discretized equidistantly between 1 pmand 2 mm.
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4. Results

4.1. Parameter estimation

Figure 10 depicts the data utilized for estimation of the growth kinetics of L-Asn-H,O crystals in
racemic solutions (Gp.). All experiments were interrupted at similar mean widths of the seed
fraction of around 260um to prevent sedimentation or blockage of the online microscope bypass
(Fig. 10 c) causing different experimental times. The seed crystals in DL1 were grown for nearly
3h before the target size was reached where in DL2 only 2h were necessary. The measured
transient L-Asn-H,O supersaturations of each experiment are depicted with time in Fig. 10 a)
and with temperature in Fig. 10 b). The observed maximal L-Asn-H,O supersaturations differ
significantly from S asn-120 = 1.3 (Fig. 10 a), DL2, Ty = 40°C) to Si.asn-H20 = 1.45 (Fig. 10 a),
DL4, Ts = 30°C) even though the same cooling rates were used for DL2, DL3 and DL4 (- 5

K/h, Table 2).
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Fig. 10: Dataset of all Preferential Crystallizations of L-Asn-H,O from racemic liquid phases
(DL1-DL4, compare Table 2) utilized for the estimation of the growth Kinetics. a) Transient
supersaturation. b) Transient supersaturation as a function of temperature indicating the range of
validity for the parameter estimates. b) Mean size evolution of the seed fraction evaluated as

described in section 3.2. d) Crystal number evolution with time.
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Similar trends can be seen with respect to nucleation (Fig. 10 d). The single particle number
increases earlier during DL2 (at 0.7h) compared to DL4 (at 1.4h) indicating a nonlinear
correlation between Kkinetics and the crystallization temperature and supersaturation. In general,
however, both kinetics, nucleation and growth, are proportional to the respective process
condition. For example, during experiment DL1 with a lower cooling rate (-3 K/h, compare
Table 2) the lowest level of supersaturation (Fig. 10 b), DL1, T = 40°C, Si-asn-H20, max = 1.25)
and only moderate nucleation (Fig. 10 d), DL1) were measured but the longest experimental
duration was necessary to grow the seed crystals to their final size.

It should be noted, that the increase of detected particles results from two mechanisms due to the
different conditions for both species. Primary nucleation of the counter enantiomer (D-Asn)
occurs due to the high supersaturation of the antipode and secondary nucleation of the preferred
enantiomer, since already a crystalline phase of this component is present. In figure 11 the sieve
analysis of the DL2 product is depicted together with the purity analyses of each sieve fraction.
The grown nuclei (sieve fraction < 200um) consist only of 20% of L-Asn-H,0 originating from
secondary nucleation. Most of these fractions is D-Asn-H,O indicating strong primary nucleation
early in the experiment. Small impurities in the seed-fraction are only caused by agglomeration

of theses crystals with grown nuclei, formed during the washing procedure.
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Fig. 11: Sieve analysis of experiment DL2 product combined with the results of the purity
analyses of each sieve fraction to reconstruct the underlying L- and D-distributions. Dashed lines

- sieve classes.

Experiments from pure L-Asn solutions (Fig. 12) were started under conditions similar to the
Preferential Crystallizations from racemic liquid phases. Saturated solutions were prepared at the
same temperatures and cooled at the same rates until a AT was reached, comparable to
experiments DL2 - DL4 (AT = 10K, Fig. 12 b) to allow for an objective evaluation of both
datasets. Subsequently to crystallization, heating was initiated resulting in undersaturation
(orange curves in Fig. 12 b) and dissolution of the grown seeds (orange curves in Fig. 12 c).
Different colors in figure 12 a) - d) indicate the data that was utilized to estimate afterwards the

different crystallization Kinetics as explained in section 3.2,
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validity for the parameter estimates. ¢c) Mean size evolution of the seed fraction evaluated as

described in section 3.2. d) Crystal number evolution. Blue - data used for estimation of growth
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Kkinetics; Green - data used for estimation of nucleation Kinetics; Orange - data used for

estimation of dissolution kinetics.

It becomes clear from figure 12 c), that the increase of the mean length is much higher without
the counter enantiomer. The seed mean size increased after 1.5h to 225um - 290pum in contrast to
155pum - 210um in presence of D-Asn at the same time. Noteworthy is the change in slope of the
mean length evolution of the DL-experiments before and after a size of 150pum (Fig. 10 c¢). A
certain startup period can be recognized followed by a nearly linear increase in size, a behavior,
which is far less pronounced during the pure L-experiments (Fig. 12 c). Since all conditions were
similar between both sets of crystallization experiments, it can be concluded, that this is caused
by the counter enantiomer acting similarly to an active additive, which hinders growth in the
beginning of the process. However, a retardation of specific crystal faces cannot be detected
since a significant morphological change was not visible (Fig. 13).

Due to the pronounced growth in pure L-Asn solutions, more dissolved mass is depleted with
time resulting in lower supersaturations measured (Fig. 12 a) & b). Less nucleation is detected
(green curves in Fig. 12 d) since no primary nucleation is present but the particle number
increases for all L-Asn experiments earlier and in a narrower time span (0.25h - 0.5h for L1 - L3
and 0.7h - 1.8h for DL1 - DL4). There are two possible explanations for this observation. The
crystal surface, the main source for secondary nucleation, increases significantly faster during the
experiments from pure L-Asn solutions. Nuclei or attrition fragments, on the other hand, have to
grow to a certain size to be detected as single particles (= 20 um) in order to contribute to the
observed crystal number. Hence, seed crystals grown from enantiopure solutions yield a larger

increase of secondary nucleation due to their fast increase in size and the corresponding nuclei
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are detected earlier since the growth rate is also larger. An additional influence of the counter
enantiomers presence to the secondary nucleation rate is probable but cannot be concluded based
on the observed data.

Fast dissolution takes place almost instantaneously after the liquid phase becomes undersaturated
(orange curves in Fig. 12 c). A correlation between heating rates and dissolution is barely visible.
The maximal undersaturations reached, while still a solid phase was present, is for all
experiments around 0.95 and the slopes of the decrease in size (orange curves in Fig. 12 c) are

similar.

Fig. 13: Microscopic pictures of the products grown from racemic liquid phases (left) and online

microscopic images of crystals grown from pure L-Asn solutions (right).

The parameters of the chosen kinetic expressions (egs. 9 & 10) were estimated as explained in
section 3.2 and are listed in table 4. It can be seen, that the approach with three adjustable
parameters yields for all kinetics the lowest value of the objective function, as expected.
Additionally, this approach reflects the previously discussed dependency of the Kinetics to
temperature and driving force. Only for the dissolution kinetics (D, Table 4), the correlation to
the driving force is less pronounced (ps = 0.51), because of the small undersaturation range

accessible for measurements. Surprisingly, the secondary nucleation approach (eq. 10,
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BosecL-H20, Table 4) is outperformed by the power-law/ Arrhenius approach, which is maybe

caused by the small range of data of suspension density and crystal number usable for the

estimation.

Table 4: Parameter estimates of L-seed crystal growth kinetics grown from racemic solution and

estimates for nucleation, growth and dissolution kinetics from pure L-Asn solution together with

the corresponding minimal values of the objective functions (OF, egs. 3-5). Marked kinetic

parameters and approaches were utilized for simulations of the validation experiments. p; -

Kinetic pre-factor; p, - supersaturation exponent; ps - activation energy or suspension density

exponent (egs. 10 & 11).

Kinetics OF minimum p:in pzin psin
[P, -] [m/s, 1/s] [-] [kJ/mol, -]
1.1 5.92 x10°® - -
Growth rate from DL-
9.2 3.33 x10® 0.61 -
solutions, Gp,, (eq. 10)
0.5 8.43 x10° 2.47 76.74
4.0 1.27 X107 - -
Growth rate from L-
12.0 2.34x10%  1.91 x1ot -
solutions, G, (eq. 10)
0.2 1.67 x10° 1.58 73.41
87.1 1.98 x10® - -
Dissolution rate from L-
55.8 1.11 x10™ 2.24 -
solutions, Dy, (eq. 10)
1.6 2.94 x10? 0.51 51.61
40 x10° 1.34 x10° - -
Nucleation rate from L-
35 x10° 2.59 x10° 0.09 -
solutions, By, (eq. 10)
6 x10° 7.18 x10% 3.41 103.5
and Boer L, (€q. 11) 13 x10° 3.52x10* 444 x10™° 2.305
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The comparison of the growth rate from racemic (Gp., Table 4) and pure L-Asn liquid phase
(G, Table 4) illustrates the already discussed differences (Fig. 14). Growth rates from
enantiopure solutions are 250% to 600% higher at supersaturations and temperatures between
1.1...1.3 and 25°C...40°C, respectively. Growth rates from DL-solutions are already close to
zero at lower driving forces indicating the significant influence of the counter enantiomer in this
range. In [19], the length evolution of L-Asn-H,O from racemic and L-Asn solutions is measured
with a single crystal growth cell. Additionally, the supersaturation calculation is different to the
one introduced in section 3.1. Hence, a direct comparison of the growth rates estimated in this
study to the results of [19] is not possible.

The estimated dissolution rates (D, Table 4, Fig. 15 a) are much faster than the growth rates
given pure L-Asn solutions, as expected. Absolute values of both, the secondary nucleation (Bo L,
Table 4, Fig. 15 b) and dissolution rate, are in a range as detected for potassium dihydrogen

phosphate, potassium alum or ortho aminobenzoic acid [15].
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Fig. 15: Dissolution (D) and nucleation rate (Bo) of L-Asn from pure L-Asn solutions shown for

different driving forces and temperatures.

4.2. Validation of the estimated kinetics

Validation experiments were carried out with different initial and process conditions for a
comparison to simulations using the model described in section 3.3 in order to evaluate the
quality of the kinetic parameter estimates. Figure 16 depicts the measured quantities of
experiment VAL-DL1 (compare Table 2), which was started by seeding a slightly subcooled

racemic solution saturated at 35°C with L-Asn crystals (sieve fraction 90 - 125um).
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Fig. 16: Measured quantities of the validation experiment Val-DL1 in comparison with
simulated values utilizing the previously estimated growth Kinetics from racemic and pure L-Asn

solutions. a) Temperature profile with indicated cooling and heating rates. b) Concentrations of
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D- and L-Asn calculated from the overall Asn concentration and the HPLC analyses of the
offline samples. ¢) Supersaturation profiles of both enantiomers. d) Mean seed crystal size
evolution. e) Transient single particle number. Blue dots and curves - L-Asn; Red dots and
curves - D-Asn; Black solid lines - simulation results applying the growth rate estimated from
racemic solutions; Black dashed lines - simulation results applying the growth rate estimated

from pure L-Asn solutions.

A more complex temperature profile (Fig. 16 a) was utilized subsequently to provoke different
liquid states with respect to temperature-supersaturation combinations compared to the
estimation experiments. The calculated transient concentration utilizing the growth rate
estimated from DL-experiments (Gp., Table 4, black solid line in Fig. 16 b) still agrees well with
the measured profile. Only after the first heating cycle, small deviations occur.

To describe dissolution in this range, kinetics derived from the pure L-Asn experiments were
applied. However, the mismatch (compare blue dots and black solid line at t = 2h in Fig. 16 b)
originates most certainly from erroneous solubility data. It becomes clear from the concentration
profile and the mean crystal size evolution (black solid line in Fig. 16 d), that undersaturation is
present at around t = 2h, which is not reflected by the driving force profile (black solid line in
Fig. 16 c). Even a small relative error of 1% of the solubility surfaces (Fig. 2) yields 1-2%
difference in driving force, which would explain the observations. Still, the trend following
dissolution can be described with the PBE model quite well.

In contrary, significant deviations occur after a short time if the simulation is carried out with the

growth rated estimated from pure L-Asn solutions (black dashed lines in Fig. 16) verifying again,
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that Kkinetics are influenced by the presence of the counter enantiomer. It should be noted, that

nucleation was not included in these simulation and will be discussed in the following.
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Fig. 17: Measured quantities of the validation experiment Val-DL2, started from racemic
solution and seeded with D-Asn-H,O, in comparison with simulated values utilizing the
previously estimated growth kinetics from pure L-Asn solutions. a) Concentrations of D-Asn. b)

Seed crystal mean size evolution.

Growth kinetics from experiments with racemic initial solutions, were utilized afterwards to also
described crystallization of the counter enantiomer. A racemic solution saturated at 35°C was
subjected to a simple linear cooling profile (compare Table 2) and subsequently seeded with D-
Asn-H,0. As seen from figure 17, both, concentration and length evolution can be described

with great accuracy utilizing kinetics of L-Asn-H,O (G. & Bg., Table 4). Hence, it can be
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concluded, that growth rates of both enantiomers in racemic solutions are the same in the

considered range of supersaturation and temperature, as expected.

A third validation experiment serves to evaluate nucleation, growth and dissolution Kkinetics
estimated from pure L-Asn solutions. Again, several cooling and heating cycles are used as for
Val-DL1 (Fig. 18 a), Table 2). Comparison of the measured concentration and supersaturation
with the simulated profile (black solid lines in Fig. 18 b) & c¢) shows a good agreement. Also the
mean size of the seed crystals can be described well, even though, some small deviations occur
after 1.5h in the range of the largest sizes reached (black solid line in Fig. 18 d). The nucleation
kinetics in contrary cannot reflect the dynamics of the particle number precisely (black solid line
in Fig. 18 e). Even though, the time point of the particle number increase agrees between the
simulated and measured quantities, the slopes of both curves (compare blue and black solid lines
in Fig. 18 e) differ significantly. To evaluate the impact of this deviation, a simulation is carried
out neglecting secondary nucleation (black dashed lines in Fig. 18). It can be seen, that the
influence of nucleation to the transient supersaturation and concentration is surprisingly small.

Only the simulated seed crystal mean size increases above the measured values after 1.5h.
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number. Blue dots and curves - L-Asn; Black solid lines - simulation results applying the
crystallization Kinetics from pure L-Asn solutions; Black dashed lines - simulation results

without nucleation.

A major challenge for the estimation of nucleation kinetics is, beside the accuracy and resolution
of the measurement technique, growth rate dispersion (GRD). In figure 19, the simulation is
compared to the measured transient crystal size distributions of experiment L2. The evolution of
the seeded particles agrees well similar to the evaluation experiments but the trend of the nuclei

deviates significantly in the simulation (Fig. 19 a).
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Fig. 19: Measured size distribution of experiment L2 (left) in comparison to simulation (right).

a) Transient size distributions with two lines indicating snapshots, which are depicted below. b)

Comparison of two distributions at 1h and 2.2h showing the significant impact of growth rate

dispersion.

The observed change in mean size between the seed crystals (ALseq in Fig. 19 b) is drastically

larger than the change in size of the smaller particles (ALnyc In Fig. 19 b) while in the simulation

the same growth rate for all particles is assumed (ALgeed = ALnyc in Fig. 19 b), right). Hence, in

experiments, less solute is consumed by growth of the nuclei, which explains partly the
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deviations to the model predictions. An appropriate quantification method for growth rate
dispersion, especially GRD of nuclei, cannot be reported up to now. It should be a field of further

research to improve PBE models.

5. Conclusions

The growth kinetics from racemic asparagine solutions and the nucleation, growth and
dissolution Kinetics from pure L-Asn solutions were estimated on the basis of a few seeded batch
crystallizations. The necessary driving force calculation was discussed in detail on the basis of
the phase diagram to explain the observations during a Preferential Crystallization. Furthermore,
a description of the solubility surfaces of D-/L-Asn-H,O with composition and temperature was
derived to determine the individual supersaturations during the experiments.

A simple experimental setup consisting of online microscopy, densitometry and offline HPLC
analysis was shown to be sufficient to follow the crystal size evolution and liquid phase
composition. Altogether, the data of seven experiments was utilized for the parameter estimation
procedure to quantify the crystallization kinetics of L-Asn-H,0O seeds in racemic and pure L-Asn
solutions.

It was shown, that the growth kinetics is significantly influenced by the counter enantiomers
presence. The counter enantiomer acts as an additive altering the kinetics probably due to the
structural similarities, which lead to strong interaction at crystal surface. Especially for
crystallization-based enantioseparation processes, the dependency of the growth Kinetics to the
liquid phase compositions has to be considered since it complicates the separation, model-based

description and process optimization.
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The estimated dissolution kinetics from pure L-Asn solutions were applied for describing both,
experiments from racemic and enantiopure solutions. A strong influence on the liquid phase
composition was not visible in this case probably due to the high dissolution rates, which made a
precise measurement challenging. However, a good agreement was found applying the estimated
dissolution parameters for the simulated and measured liquid phase concentration and driving
force but small deviations occurred for the description of the solid phase. Also the estimated
secondary nucleation kinetics from pure L-Asn solutions was not capable to describe the system
behavior completely. A possible reason is growth rate dispersion, which was proven to have a
significant influence on the crystal phase. Nevertheless, the overall process trends of asparagine
monohydrate crystallization from enantiopure and racemic solutions can be simulated in good

quality with the found kinetics as shown on the example of the validation experiments.

List of symbols

Bo [#/s] Nucleation rate

D [m/s] Dissolution rate

f [#/m] Number density distribution/ function
Feret [um] Feret diameter

G [m/s] Growth rate

kv [-] Volume shape factor

K [-; 1/°C; 1/°C?] Parameter in (eq. 3)

K [m/s; 1/s] Kinetic G, By or D in (eg. 10)
L [um; m] Property coordinate

L [pm; m] Mean length

M [g/mol] Molar mass
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N [#]
n [-]

OF [m; #]

p [-]

0o [-]

02 [-]

R [J/K-mol]
S [-]

T [°C]

t [h]

X [-]

\Y; [mL/min]
p [kg/m’]

Sub- & Superscripts
anhydr.
B

cryst

L(-H20)
DL
end

Exp

Mass

Crystal number

Number

Objective function
Parameters for the kinetic laws
Relative number distribution
Relative mass distribution
Universal gas constant
Relative supersaturation
Temperature

Time

Mass fraction

Volumetric flow rate

Density

Anhydrate

Nucleation

Crystallization

Dissolution

L-enantiomer (monohydrate)
Racemic composition

End

Experiment
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