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Abstract

This paper addresses the estimation of fractional solid composition of two diastereomers during crystallization. The estimation is

obtained through a Partial Least Square (PLS) model that utilizes on-line Raman spectroscopy and additional process information such

as temperature and slurry density. Several PLS models are developed that incorporate conditions that either neglect or account for

variability in the additional process variables. It is shown that the model that incorporates both temperature and slurry density is the

most accurate.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The manufacturing of pharmaceuticals often involves
separation of enantiomers, which are chiral molecules that
are mirror images of each other. Since the physical
properties of both enantiomers (R ¼ right handed and S ¼

left handed) are the same, a traditional separation method
such as crystallization by seeding is feasible but it becomes
very sensitive to the experimental conditions (Elsner,
Menendez, Muslera, & Seidel-Morgenstern, 2005; Qian &
Botsaris, 1997). Thus, the pharmaceutical industry usually
relies on the achiral synthesis of the enantiopure product or
the reaction between the enantiomer with a chiral acid/base
to form different diastereomers. Diastereomers are mole-
cules that have two or more chiral centres and are not
mirror images of each other. The resulting diastereomers
have different physical properties such as solubility and
often crystallize into different crystal structures. With these
differences, crystallization can effectively separate the
e front matter r 2006 Elsevier Ltd. All rights reserved.
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desired product with very high purity (Jacques, Collet, &
Wilen, 1981; Wilen, Collet, & Jacques, 1977).
To meet government regulations, the purity of the final

product is of crucial importance. Thus, the capability of
on-line monitoring of the optical purity of the crystals
present at a given time will help develop a robust
crystallization process. The traditional methods used to
determine the diastereomer composition in both solid and/
or liquid phase are by chiral HPLC method or with the use
of polarimeter to determine the chirality in solution phase.
However, both of the analytical methods cannot be
conducted on-line and required sample preparation. On-
line Raman spectroscopy is suitable for this application
since Raman can detect the lattice vibrations correspond-
ing to the translational and rotational motion of the entire
molecule within the lattice structure of the crystal (Ferraro,
1971). As a result, Raman spectroscopy is capable of
differentiating similar molecules with different crystal
lattice structures. To the best of the authors’ ability, there
was no pervious work with Raman differentiating the
composition of the diastereomer in crystallization. How-
ever, several authors have demonstrated the ability of
monitoring the changing compositions of two different
tion of diastereomer composition using Raman spectroscopy. Control
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crystals on-line during a solvent-mediated polymorphic
transformation with Raman (Berglund, Wang, Wachter, &
Antosz, 2000; Hu, Liang, Myerson, & Taylor, 2005; Ono,
Horst, & Jansens, 2004; O’Sullivan, Barrett, Hsiao, Carr, &
Glennon, 2003; Scholl, Bonalumi, Vicum, Mazzotti, &
Muller, 2006). In addition, chemometric techniques can be
applied to the Raman spectra to differentiate slight peak
shifts and to remove noise from the signals off-line (Falcon
& Berglund, 2004; Rades, Pratiwi, Fawcett, & Gordon,
2002; Starbuck et al., 2002).

The collection of data through an immersion probe and
its connection to the detector via a fiber optic cable, allows
analysis of solid phase composition in real-time. The
returned Raman signal depends on the amount of inelastic
scattering from the solids detected by the analyzer within
the detection zone. As a result, the relative Raman intensity
corresponding to the diastereomers in the slurry will be
impacted by a number of other solid-state factors besides
the primary one of particle characteristics. Several authors
have hypothesized that the intensity of the returned Raman
signal during crystallization of different polymorphs may
be a function of particle size and shape (O’Sullivan et al.,
2003; Zhou, Wang, Ge, & Sun, 2002). This is based on the
assumption that the returned Raman signal primarily
comes from a volume close to the surface of the crystal.
Additionally, slurry density defined as the total mass of
crystals per unit volume (mg/mL), may be another solid-
state factor since the number of crystals inside the detection
zone will influence the intensity of the returned Raman
signal. Furthermore, the Raman spectrum will be affected
by the relative amount of solvent and solids in its path.
Consequently, slurry density should impact the returned
Raman signal intensity. A recent study showed that Raman
spectra along with multivariate analysis were capable in
predicting both the slurry density and percent composition
of an anhydrous/monohydrate system (Caillet, Puel, &
Fevotte, 2006). However, the authors did not investigate
whether temperature has any effects, as all the experiments
were run isothermally.

For a batch cooling crystallization process, temperature
changes constantly and affects slurry density directly since
the solubility of the solute is a function of temperature. In
addition, temperature can alter Raman band areas by
changing the sample density and therefore the number of
analyte molecules in the sampled volume (Pelletier, 2003).
Hence, in the present work, we examine whether the
information provided by Raman spectroscopy is sufficient
or whether it needs to be complemented by additional
process measurements in order to provide an accurate
estimation, through a Partial Least Square (PLS) model, of
the solid composition of one of the two diastereomers
involved in the production of an active pharmaceutical
ingredient, denoted here as compound A. A previous study
showed that the incorporation of temperature into a single
chemometrics calibration improves model accuracy in
predicting solute concentration with the use of IR
(Togkalidou, Fujiwara, Patel, & Braatz, 2001). In this
Please cite this article as: Wong, S., et al. Factors affecting on-line estima
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study, temperature, slurry density, and the entire Raman
spectrum were used in the modeling task. PLS regression
was used to quantify the composition of the diastereomeric
mixture. Four different models are examined and com-
pared for their prediction/estimation accuracy.

2. Experimental section

2.1. Materials

HPLC grade solvents were used as received from
commercial suppliers without further purification. The
starting materials (racemic mixture of compound A and a
pure enantiomer of a chiral acid, denoted here as D) that
met the specifications were used as received from qualified
suppliers without further purification.

2.2. Preparation of pure S-D diastereomer

A racemic mixture of compound A was reacted with a
pure enantiomer of a chiral acid (denoted here as D) in a
solvent mixture of well defined composition and the
solution was heated and held at 5� above the saturation
point to ensure complete dissolution. The solution was
then slowly cooled and seeded with 2% by weight of the S-
D diastereomer (desired product) at specific seeding
temperature. The seeded slurry was cooled to a target
solid recovery temperature. It was then followed by a
filtration wash and drying step. The end product was
analyzed by a chiral HPLC method resulting in optical
purity of at least 97% of the S-D diastereomer.

2.3. Preparation of pure R-D diastereomer

The preparation of pure R-D diastereomer needed, for
the calibration process, first involved the purification of the
R enantiomer from the racemic mixture of compound A,
followed by reaction with D to form the R-D diastereomer.
Since the crystallization kinetic of the R-D diastereomer is
slow compared with the S-D diastereomer, the purification
step of the R enantiomers would ensure the optical purity
of the R-D diastereomer. For the purification step, racemic
free base of compound A was reacted with a pure
enantiomer of another chiral acid, denoted as L, in solvent
and the solution was heated and held at 5� above the
saturated temperature to allow for complete dissolution.
The solution was then slowly cooled and seeded with 2%
by weight of the R-L diastereomer at a specified seeding
temperature. The seeded slurry was cooled to a target
isolation temperature and then followed by a filtration and
drying step. The dry R-L crystals would then go through a
free basing step to obtain the pure R enantiomer. Finally,
the pure R enantiomer reacted with D and crystallized to
form R-D diastereomer. The product was analyzed by a
chiral HPLC method, resulting in optical purity greater
than 98%.
tion of diastereomer composition using Raman spectroscopy. Control
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2.4. Raman spectroscopy

A RamanRxn1t analyzer (Kaiser Optical System, Inc.)
coupled with an immersion fiber optic probe was used for
the in situ measurements. Raman spectra were recorded
using NIR excitation radiation at 785 nm and the spectro-
scopy incorporates the TE-cooled CCD detector technol-
ogy. All collected spectra were averaged over five
accumulations collected over 8 s each. It should be noted
that the collection time for all five spectra is about 1min.

2.5. Calibration experiments

In order to obtain spectra of a known amount of solids’
concentration and diastereomeric composition, the solu-
tion was first pre-saturated with respect to both diaster-
eomers at specified temperatures (Table 1). The saturated
solution was prepared by adding excess amounts of
compounds A (50% of S and 50% of R) and D in the
solvent system and heated until dissolution. After nuclea-
tion occurred upon cooling, the slurry was under constant
stirring for 4 h to ensure it reached equilibrium with both
diastereomers at the specified temperature and finished by
a filtration step. The saturated solution was kept in
a jacketed round-bottom flask to maintain constant
temperature.

Spectra of the standards were obtained for isothermal
mixture. The spectra were collected at different tempera-
tures (from 0 to 40 �C) and with different slurry densities
(from 13.3 to 80 g/L) that reflected the range of the
crystallization process conditions. A total of 65 standards
were used with varying conditions (Table 1) and were
divided into two groups—training and testing groups. A
total of 55 standards were selected and used to construct
the model while the remaining 10 standards were used to
test the accuracy of the model. The 10 standards from the
testing group were randomly selected to cover the whole
experimental space. The Raman probe was inserted top-
down into the 15mL vial and all the spectra were collected
Table 1

Experimental condition for standards

Fixed variable

ð
�CÞ

Fixed variable

(g/L)

Changing

variable

# of samples

20 13.3 0–100% S-D 16

40 13.3 0–100% S-D 6

30 13.3 0–100% S-D 6

10 13.3 0–100% S-D 6

0 13.3 0–100% S-D 8

0 33.3 80–95% S-D 4

0 20 70–100% S-D 4

15 26.7 50–100% S-D 3

15 40 65–85% S-D 3

15 53.3 80–100% S-D 3

5 66.7 75–95% S-D 3

5 80 80–100% S-D 3
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under constant stirring with magnetic stir bar to suspend
the slurry.

2.6. Dynamic crystallization experiment

With the use of a 250mL Jacketed round-bottom flask,
5 g of compound A (racemic mixture) was reacted with
1.7 g of D in 238mL of solvent mixture. The solution was
kept under constant stirring with a magnetic stir bar, which
is the same as the calibration experiment, and the jacket
was connected to a temperature-controlled chiller. The
Raman probe was inserted at a 45� angle into the reaction
flask to ensure a representative sampling of the slurry and
spectra were collected at 1-min intervals. The reason for
placing the probe at a 45� angle instead of top–down as in
the calibration experiment is because a condenser is needed
to reduce solvent evaporation during the crystallization
experiment.
The solution was first heated to 40 �C and held for 20

min to allow complete dissolution. It was then cooled to
0 �C at a rate of 5 �C/min and the temperature remained
constant at 0 �C for 4 h. Since the crystallization kinetic of
the R-D diastereomer is much slower than the S-D, a rapid
cooling rate was applied in attempt to crash out both
diastereomers simultaneously. After nucleation occurred,
samples of the slurry were drawn for HPLC analysis. A
total of six samples were drawn throughout the experiment.
The collected samples were first filtered and the mother

liquor was sent for HPLC analysis for solute concentration
and percent composition of the diastereomers in the
solution phase. The wet cake did not go through solvent
wash to avoid dissolution of the crystals during the wash.
The cake was then weighed and vacuum dried at 40 �C
overnight. The dry cake was again weighed and the solid
contents sent for HPLC analysis for percent composition
of the diastereomers in solid phase. Since the evaporated
solvent contained residual of both diastereomers in the
solution phase, the amount of solute in the evaporated
solvent was calculated with the weight difference of the
cakes and multiplied by the concentration of solute in
solution from HPLC analysis. The relative composition of
the evaporated residual diastereomers from the solvent was
obtained from the chiral HPLC result in the mother liquor
samples. The percent composition of the S-D diastereomer
was then corrected with the residual solute from the
solution phase.

2.7. Sampling error

Since the HPLC analysis for the percent composition of
the diastereomers in solid phase was conducted after
drying, the sampling error was primarily due to inhomo-
geneous mixing of the dry cake. The estimation of the
sampling error was conducted by mixing a known amount
of both diastereomers in a pre-saturated solution and
followed the same filtration/drying step as described above.
Six different samples were drawn from different locations
tion of diastereomer composition using Raman spectroscopy. Control

dx.doi.org/10.1016/j.conengprac.2006.11.005


ARTICLE IN PRESS
S.-W. Wong et al. / Control Engineering Practice ] (]]]]) ]]]–]]]4
of the dry cake and the standard deviation of the relative
sampling error was calculated. The procedure was repeated
five times with different percent composition of both
diastereomers and the average relative sampling error was
estimated to be �6%.
2.8. Data pre-treatment

Data pre-treatment using the calculation of the first
derivative of the spectral measurement with respect to the
spectral frequencies was performed to correct any baseline
offset caused by the scattering effect from the solids. The
first derivative of all the spectra was computed with the
Savitzky–Golay method using a second-degree polynomial
fit with an eleven points window (Madden, 1978). It was
found that the 11 points window was sufficient to achieve a
high level of smoothing without attenuating the extrema in
the data. The higher order derivative did not show any
significant improvement in model accuracy and hence the
first derivate of the spectral measurement was chosen as the
only data pre-treatment step.

The data matrix, Dj ðj ¼ 1; 2; 3; 4Þ, of each of the four
PLS models is composed of different combinations of
measurements such as the entire Raman spectrum (spec-
trum range: 75–3300 cm�1), temperature, and/or slurry
density as shown in Eqs. (1)–(4). The percent composition
of the diastereomers was the prediction or output variable
of each of the PLS models

D1 ¼ ½Spectra ðSÞ�, (1)

D2 ¼ ½Temperature ðTÞ Spectra ðSÞ�, (2)

D3 ¼ ½Slurry Density ðDÞ Spectra ðSÞ�, (3)

D4 ¼ ½Temperature ðTÞ Slurry Density ðDÞ Spectra ðSÞ�.

(4)

In order to compare the contribution of each input
variable equally, temperature ðTÞ, slurry density ðDÞ,
percent composition in solids ðPÞ, and spectra ðSÞ were
first scaled to have zero mean and variance of one as shown
in Eqs. (5)–(10).

T̂ i ¼
Ti � Tavg

sT

, (5)

D̂i ¼
Di �Davg

sD

, (6)

P̂i ¼
Pi � Pavg

sP

, (7)

Fi ¼

Z
f iðwÞdw, (8)

Favg ¼

Pn
i¼1Fi

n
, (9)
Please cite this article as: Wong, S., et al. Factors affecting on-line estima
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Ŝi ¼
f iðwÞ � Favg

sF

. (10)

Here T̂ , D̂, P̂, and Ŝ represented the scaled values, obtained
by subtracting the average values (Tavg, Davg, Pavg, and
Favg) and divided by the corresponding standard deviation
ðsÞ. The spectral data, distributed over a frequency
spectrum were scaled slightly different, using the average
Favg and the standard deviation sF of the area Fi under the
spectral curve f iðwÞ; see Eqs. (8)–(10). It should be noted
that f iðwÞ is the spectrum function with respect to the wave
number w that uniquely corresponds to the spectral
frequency.

3. Result and discussions

3.1. Raman spectra of pure diastereomers

The Raman spectra of the pure diastereomer in Fig. 1
show that there was only a slight difference between the
two diastereomers. The circled regions of spectra high-
lighted the slight peak shifts between the diastereomers.
Hence, chemometric techniques need to be employed to
account for the subtle differences in the whole spectrum. In
addition, the spectra of the pure S-D diastereomer were
compared at different temperatures (Fig. 2) and with
different slurry densities (Fig. 3). While the relative
intensity differs slightly with temperature and there was
no peak shift observed due to temperature effect, the
Raman spectra of different slurry density showed differ-
ences in peak positions and peak shape. The denser sample
showed in Fig. 3 had more distinct shape peaks that
resembled Raman spectrum of pure solid. The appearance
of the shape peaks was an indication that the Raman
analyzer detected higher amount of solids as slurry density
increased.

3.2. PLS calibration model

Four PLS models were developed to investigate whether
the additional process measurements of temperature and
slurry density would improve the accuracy of the estima-
tion model. Each of the PLS models used the same training
set that incorporates conditions that either neglect or
account for variability in the additional process variables
(See Chemometrics Software I; Chemometrics Software II).
The data matrix of each PLS model Eqs. (1)–(4) included
55 data points from Table 1.
The accuracy of the four PLS models were first tested

with the testing set (10 standards points), in which these 10
experimental data points were not used during the model
development. The testing set included standard points
taken from different days of the experiment and with
varying experimental conditions such that the testing set
would be representative of future samples (Table 3). It
should be noted that each of the calibration experiments
only offered a static view of crystallization. Slurry density
tion of diastereomer composition using Raman spectroscopy. Control
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Fig. 1. Raman spectra of pure R-D and S-D at the same temperature and slurry density. The circles indicate different regions of slight peak shifts between

the diastereomers.

Fig. 2. Raman spectra of pure S-D with the same slurry density and different temperature.
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and percent composition of both diastereomers remained
constant throughout the experiment because the solution/
solid phases of the system were in equilibrium. In order to
further quantify the model accuracy, the models were then
further compared with the result from the HPLC analysis
of the dynamic crystallization experiment.

The estimation models were calculated by regressing the
data of the training set with the percent composition using
partial least square regression (PLS). Each training set was
divided into four subgroups for cross-validation. The
cross-validation method used three of the four subgroups
to build the model and tested with the last subgroup as
validation step. The process was repeated with all
combinations of subgroups as training and testing sets.
The number of Latent Variable (LV) selected for each PLS
Please cite this article as: Wong, S., et al. Factors affecting on-line estima
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model was based on the minimum prediction error ðE1Þ

from the cross-validation result, provided the percent of Y

variance captured was more than 90%. The cross-valida-
tion result used E1 as the measure of performance (Fig. 4).
In addition, the relative percent error ðE2iÞ and root-mean-
square of E2i ðE3Þ were also used to compare the different
PLS models (Eqs. (11)–(13))

E1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

ðyes
i � yes

i Þ
2

 !,
n

vuut , (11)

E2i ¼
ðyes

i � yex
i Þ

yex
i

����
����� 100%, (12)
tion of diastereomer composition using Raman spectroscopy. Control
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Fig. 3. Raman spectra of pure S-D with different slurry density.

Fig. 4. RMSECV vs. number of latent variable for the PLS models.

Table 2

Detailed information about four PLS models

Model 1 Model 2 Model 3 Model 4

RMSECV 7.60 8.17 7.37 7.91

% Y variance 96% 95% 95% 94%

# of LV 7 7 7 7

Process variables S T, S D, S T, D, S
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E3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

ðE2iÞ
2

 !,
n

vuut , (13)

where n is the number of the total data points; the
superscript, es, is the estimated value of yi and the
superscript ex is the experimental result of yi.

From the results of the cross-validation, the number of
LV was selected as described above. The detailed informa-
tion of the models is summarized in Table 2. In addition,
the predicted values, yp, of Y ð%S�DÞ were plotted against
the measured values, ym, of Y ð%S�DÞ in Figs. 5–8 to check
the accuracy of the models. It is observed that the data
points all lie close to the diagonal line indicating small
prediction error for all the models. Finally, the regression
coefficients of Model 4 are plotted against the wavenum-
bers (Fig. 9) and the regression coefficients are further
Please cite this article as: Wong, S., et al. Factors affecting on-line estima
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compared with the first derivative of the Raman spectra of
both diastereomers (Fig. 10). Although it is hard to observe
the regression coefficients of temperature and slurry density
in the figures, the regression coefficients of temperature and
slurry density are 1.8 and 4.2, representatively, which
illustrates the relative impact of temperature and slurry
density have on the estimation model. The regression
tion of diastereomer composition using Raman spectroscopy. Control
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Fig. 5. Predicted value of Y vs. measured value of Y for Model 1.

Fig. 6. Predicted value of Y vs. measured value of Y for Model 2.

Fig. 7. Predicted value of Y vs. measured value of Y for Model 3.

S.-W. Wong et al. / Control Engineering Practice ] (]]]]) ]]]–]]] 7

Please cite this article as: Wong, S., et al. Factors affecting on-line estimation of diastereomer composition using Raman spectroscopy. Control

Engineering Practice, (2007), doi:10.1016/j.conengprac.2006.11.005

dx.doi.org/10.1016/j.conengprac.2006.11.005


ARTICLE IN PRESS

Fig. 8. Predicted value of Y vs. measured value of Y for Model 4.

Fig. 9. The regression coefficients of Model 4.

Fig. 10. Regression coefficient of Model 4 is plotted with the second derivate of Raman spectra of pure S-D and pure R-D diastereomers.
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Table 3

% Composition of SD diastereomer-validation result from the testing set

Sample Measured Model 1 Model 2 Model 3 Model 4

0 �C-75%-20 g/L 75 74 75 76 76

0 �C-95%-13.3 g/L 95 90 90 97 96

10 �C-55%-13.3 g/L 55 62 62 60 60

15 �C-65%-40 g/L 65 67 66 67 67

15 �C-80%-53.3 g/L 80 81 82 82 83

15 �C-100%-26.7 g/L 100 96 96 100 100

20 �C-30%-13.3 g/L 30 31 30 30 29

20 �C-50%-13.3 g/L 50 46 45 45 44

20 �C-90%-13.3 g/L 90 91 88 89 87

40 �C-60%-13.3 g/L 60 56 57 56 57

Table 4

E2i of the validation result from the testing set

Sample Model 1 Model 2 Model 3 Model 4

0 �C-75%-20 g/L 1.3 0.0 1.0 1.3

0 �C-95%-13.3 g/L 5.3 5.3 1.9 1.1

10 �C-55%-13.3 g/L 12.7 12.7 9.0 9.1

15 �C-65%-40 g/L 3.1 1.5 3.6 3.1

15 �C-80%-53.3 g/L 1.3 2.5 2.9 3.8

15 �C-100%-26.7 g/L 4.0 4.0 0.1 0.0

20 �C-30%-13.3 g/L 3.3 0.0 1.0 3.3

20 �C-50%-13.3 g/L 8.0 10.0 9.3 12.0

20 �C-90%-13.3 g/L 1.1 2.2 0.7 3.3

40 �C-60%-13.3 g/L 6.7 5.0 6.9 5.0

Table 5

Validation result from the testing set

Model 1 Model 2 Model 3 Model 4

E1 3.61 3.65 2.80 3.08

E3 5.82 5.87 4.92 5.48
Table 6

HPLC analytical result vs. model prediction of the % composition of SD

diastereomer

Sample Measured Model 1 Model 2 Model 3 Model 4

1 73.8 62.3 65.5 70.5 72.4

2 82.0 66.8 69.2 77.1 78.0

3 88.5 65.5 68.0 75.7 76.6

4 87.5 74.2 75.3 84.5 84.2

5 88.0 62.5 65.7 71.4 73.3

6 82.8 62.2 65.4 71.3 73.1

Table 7

E2i of the % composition of SD diastereomer prediction in crystallization

experiment

Sample Model 1 Model 2 Model 3 Model 4

1 15.6 11.3 4.5 1.9

2 18.6 15.6 6.0 4.9

3 26.0 23.2 14.5 13.4

4 15.2 13.9 3.4 3.8

5 29.0 25.4 18.8 16.8

6 24.9 21.1 13.9 11.7
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coefficient of slurry density also shows the strong effect it
has on the estimation model.

The final step in assessing the accuracy of the PLS model
was to calculate the prediction error with the set of 10
experiments that was set aside during model development
(Table 3). The result showed that the PLS models along
with Raman spectra that incorporated slurry density
measurements or with the measurement of slurry density
and temperature performed better than the models using
only spectral data with or without temperature data
(Tables 4 and 5).

3.3. Result from crystallization experiment

In order to further quantify their accuracy, the PLS
models were used to predict the percent composition of the
S-D diastereomer in a dynamic crystallization experiment.
While the standards from the calibration set were pre-
mixed slurries in 15mL vials, the new crystallization
Please cite this article as: Wong, S., et al. Factors affecting on-line estima
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experiment was a time evolving or dynamic run in a
250mL round-bottom jacketed flask. Six samples were
drawn sequentially at different time instances after the
onset of nucleation and were submitted for HPLC analysis.
During this dynamic crystallization experiment, Raman
and temperature data were collected and the slurry
densities were calculated for the withdrawn samples.
According to the present understanding of the experi-

mental system, the R-D diastereomer has a wider
metastable zone and a slower growth rate than the S-D
diastereomer. Besides assessing the accuracy of the
different PLS models, the crystallization experiment aimed
to investigate whether the R-D diastereomer would crystal-
lize out simultaneously with the S-D diastereomer in an un-
seeded environment. The HPLC measurements revealed
that, as nucleation occurred, both diastereomers initially
crystallized out. However, due to the slower crystallization
kinetics of the R-D diastereomer, the percent composition
of the S-D diastereomer slowly increased over time.
The PLS model predictions were compared with the

HPLC data as shown in Tables 6 and 7 and E1 and E3 were
used as means to compare the models (Table 8). Although
all four models performed quite accurately with the
previously examined testing set, the accuracy in predicting
the data of the new crystallization experiment is under-
standably smaller. The larger bias resulted in the prediction
is possibly due to slight differences between the calibration
and crystallization experiments. First of all, the percent
composition of both diastereomers in solution phase is
different in the two experimental setups. In the calibration
experiment, the solution phase was first saturated with
respect to both diastereomers, and as a result percent, the
tion of diastereomer composition using Raman spectroscopy. Control
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Table 8

Error between models and experiment

Model 1 Model 2 Model 3 Model 4

E1 18.9 16.4 10.1 9.0

E3 22.2 19.1 11.7 10.3
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composition of the diastereomers remained constant
throughout all the calibration experiments. On the other
hand, as nucleation occurred in the dynamic crystallization
experiments, the percent composition of the diastereomer
in solution phase changes constantly until the system
reaches equilibrium. Secondly, the mixing environment
between the calibration and crystallization experiments is
also different. Although both experiments used the same
agitation method, the different mixing volume and the
different Raman probe position potentially affects the
Raman spectrum, which further contribute to the larger
bias. Nevertheless, the superiority of Model 4, which
includes slurry density and temperature as inputs, is clearly
demonstrated. It is observed that when compared Model 1
and Model 4 in terms of E1 and E3, the accuracy of Model
4 has improved by over 100%. The improvement in model
accuracy by incorporating temperature and slurry density
into the model can be explained by the crystallization
dynamic. When nucleation occurred, there was only a thin
layer of slurry in the solution. As the experiment
progressed, more material crystallized out and the system
tried to reach equilibrium between the two solids. It should
also be noted that Model 3 utilizing only slurry density and
spectra data had a RMSE of 10.1 for the crystallization
experiment. This clearly confirmed that the inclusion of
slurry density into the PLS model improves the accuracy of
estimation.
4. Conclusion

Four PLS models were constructed with 65 calibration
standards using Raman spectra, temperature and/or slurry
density data. The models were further tested and compared
against data from a larger scale 250mL dynamic crystal-
lization experiment. This paper has shown that in situ
Raman spectroscopy is capable of differentiating diaster-
eomers in a crystallization slurry, provided the changing
process parameters of temperature, and most importantly,
slurry density are included in the calibration model. In
addition, the spectral data acquisition time is quite less
than 1min and the estimation of the diastereomer
composition is even faster which makes monitoring the
changing composition of diastereomer during crystalliza-
tion in real time indeed very possible. The implementation
of a simple feedback controller onto the system can be
done if on-line density measurement is made available.
Because slurry density is not easily measured on-line
Please cite this article as: Wong, S., et al. Factors affecting on-line estima

Engineering Practice, (2007), doi:10.1016/j.conengprac.2006.11.005
without a sampling loop, it is essential to find an alternative
on-line measurement from which to infer slurry density.
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