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Crystal Growth Models of Dexamethasone Sodium
Phosphate in a MSMPR Reactive Crystallizer
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Abstract The reactive crystallization process of dexamethasone sodium phosphate was investigated in a contin-
uous mixed-suspension, mixed-product-removal(MSMPR) crystallizer. Analyzing experimental data, 1t was found
that the growth of product crystal was size-dependent. The Bransom, CR, ASL, MJ2 and MJ3 size-dependent
growth models were discussed in details. Using experimental steady state population density data of dexamethasone
sodium phosphate, parameters of five size-dependent growth models were determined by the method of non-linear
least-squares. By comparison of experimental population density and linear growth rate data with those obtained
from the five size-dependent growth models, it was found that the MJ3 model predicts the growth more accurately
than do the other four models. Based on the theory of population balance, the crystal nucleation and growth rate
equations of dexamethasone sodium phosphate were determined by non-linear regression method. The effects of
different operation parameters such as supersaturation, magma density and temperature on the quality of product

crystal were also discussed, and the optimal operation conditions were derived.
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1 INTRODUCTION

For simulation, design and analysis of industrial
crystallizers, experimentally determined and statis-
tically correlated nucleation and growth rates are
needed!! =3, The mixed-suspension, mixed-product-
removal(MSM PR) crystallizer can be used for the si-
multaneous determination of crystal growth and nu-
cleation rates using a population balance analysis of
the crystal size distribution(CSD). In the analysis of
such MSMPR crystallizer data, non-linearity in semi-
log population density-crystal size plots is often ob-
served. The main cause of such curvature seems to be
the size-dependent growth or particle agglomeration.
In this case, the estimation of kinetics of both nu-
cleation and growth rate becomes more complicated.
One way of carrying out the modeling is to adopt a
size-dependent growth function such that an ‘“effec-
tive” crystal growth model can be determined for the
purpose of design. The occurrence of such anomaly of
growth rate is reflected in the CSD from the MSMPR
crystallizer4).

As one kind of anti-inflammatory drug of ardrenal
cortex hormone, dexamethasone sodium phosphate is
widely used in clinical application. In industrial man-
ufacture, dexamethasone sodium phosphate is crystal-
lized from the solution in the purification step. How-
ever,it seems that no one has studied its crystal growth
and nucleation. The purpose of this paper is to study
the crystal growth of dexamethasone sodium phos-
phate in a continuous MSMPR reactive crystallizer
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dexamethasone sodium phosphate, growth model, crystal size distribution(CSD), population balance

and finally determine its growth and nucleation rate
functions which are necessary for design and analysis
of industrial crystallizer.

2 THEORY

To a well mixed steady-state MSMPR crystallizer
with clear liquor feed, where the particle size only
changes owing to crystal growth (i.e. both agglom-
eration and disruption are neglected) and where the
CSD and magma density of particles in the product
outflow is the same as in the crystallizer. the differ-
ential number balance® can be expressed in terms of
population density n(L) by

di¢(Ln(L)]  nlL) _, (1)

dL

where G(L) is the crystal growth rate, n(L) is the
population density, L is the crystal size and 7 is the
mean residence time of suspension in the crystallizer.

If the McCabe AL law holds, the crystal growth
rate is size-independent and the solution of Eq. (1) is
the well-known MSMPR distribution!®]

(L) = nexp (- 5= ) (2

Gt
In this case, a semi-log plot of population density
versus crystal size should therefore give a straight line
with slope —1/G'7, from which the crystal growth rate
may be determined. The zero-size nucleation rate B"
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can be determined as
B% =Gn® (3)

where nC is the intercept of population density distri-
bution plot at L = 0.

If the crystal growth does not obey McCabe AL
law and the growth rate depends on the size of a grow-
ing crystal, the population density distribution will
not follow the simple exponential relationship given
by Eq.(2). A solution to Eq. (1) then requires infor-
mation describing the dependence of growth rate on
crystal size.

The relationship between crystal size and growth
rate has been studied theoretically by a number of au-
thors and many different size-dependent growth rate
models have been proposed. Some typical models
which are widely used in research work can be sum-
marized as follows.

Bransom model(”]

G(L) = aL® (4)
Canning-Randolph(CR) model®!
G(L) = Go(1 + aL) (5)
Mydlarz and Jones(MJ2) modell®!
G(L) = Gml[l — exp (—al)] (6)
Abegg, Stevens and Larson(ASL) model('°]
G(L) = Go(1 +aL)® (7)
Rojkowski exponential modell!1]
G(L) = Gy — (Gy — Gp)exp (—al) (8)
Rojkowski hyperbolic modell*?]

_ Go + aGlL

W)= ©)

Mydlarz and Jones(MJ3) model(2?]
G(L) = Gu{l — exp[—a(L + ¢)]} (10)

In these models, it has been showed recently that
Rojkowski exponential model can be written in a forin
similar to the MJ3 model(*¥/. The Rojkowski hyper-
bolic model is not suitable for introducing the influ-
ence of temperature and supersaturation on crystal
growth rate. So in this paper, only the other five mod-
els were discussed.

By combining with the five size-dependent growth
models, the population balance equation can be inte-
grated to give the following.

Bransom model

b
n(L) = n"exp [C—t;ﬁ(ﬁ'b —L* % —In (%)
(11)
Canning-Randolph(CR) model
n(L) = n°(1 + aL)(—1 — arGy)/arGy (12)

Mydlarz and Jones(MJ2) model

. . L)y —11(-1-b/b
n(L) = n*exp [a (L — L)) [g}?gf’_))_:-—l]
(13)
Abegg, Stevens and Larson (ASL) model
0 -5 1 (L+aL)-®
n(L) =n"(1 + al) exp[l_b b

7Go =a~! (14)

Mydlarz and Jones (MJ3) model
n(L) = Kexp (aL)[Aexp (aL) — 1](-1-¥/¥
K =n®(A — 1)0+9/
A = exp (ac)
B = arGy, (15)

where a, b, ¢ are the growth model parameters, Gy
is the zero-size crystal growth rate, Gy and Gy, are
the limiting growth rates of large crystals, L* is the
chosen crystal size.

3 EXPERIMENTAL

The experimental apparatus and procedure used
in this study are shown in Fig.1. The reactive crys-
tallization processes were carried out in an continu-
ous MSMPR crystallizer. The crystallizer geomet-
ric configuration is shown in Fig.1. The supersatu-
ration was produced by the reaction of dexametha-
sone phosphate with sodium hydroxide solution. The
reaction mixture was mechanically agitated using an
four-blade pitch-type impeller which located at the
center of crystallizer. The impeller rotation speeds
were maintained at 330r-min~!, Temperature con-
trol within the crystallizer was achieved by pumping
constant temperature water continuously through the
hollow draft tube at the maximum possible rate. The
temperature difference between the solution and the
constant temperature water was about 0.1°C and in
this way the crystallizer temperature in all runs was
controlled to within +0.1°C. In experiments, all sol-
vents and other chemical materials used were pur-
chased and had a purity higher than 99.5%. The
flowrate of each solution was kept constant during the
steady state experiment so as to keep the mean res-
idence time constant. The suspension density varies
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from 10.28 kg:m =2 to 30.15kg-m~3. Malvern Master-
sizer(MAMS5005) by Malvern Instruments Limited was
used to measure the crystal size distribution(CSD) of
dexamethasone sodium phosphate which was sampled
after the crystallization process reached the steady
state.

2

Figure 1 Schematic diagram of experimental
apparatus
1—MSMPR crystallizer; 2—super thermostat; 3—stirrer;
4—stirrer controller; 5—thermometer;
6, T—liquid pump; 8—liquid outlet

4 RESULTS AND DISCUSSION

The semi-log population density versus crystal size
plot for dexamethasone sodium phosphate obtained
from a continuous MSMPR crystallizer in a typical re-
active crystallization experiment is depicted in Fig. 2.
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Figure 2 Comparison of experimental population
density data with those calculated by different
sise-dependent growth models
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It can be noted from Fig.2 that the semi-log pop-
ulation density data of dexamethasone sodium phos-
phate exhibit curvature, particularly in the small size
range(0—100 um). This shows that the growth of dex-
amethasone sodium phosphate violates McCabe AL
law and the size-independent growth rate model is
not appropriate for describing the crystal growth in
reactive crystallization processes.

June, 2005

The main cause of exhibiting curvature phe-
nomenon as shown in Fig. 2 may be due to the size-
dependent growth or particle agglomeration. The
SEM photographs of dexamethasone sodium phos-
phate obtained by reactive crystallization were shown
in Fig. 3. From Fig. 3, it can be seen that the agglom-
eration phenomenon can be neglected in reactive crys-
tallization of dexamethasone sodium phosphate. So,
the size-dependent growth was considered. Five size-
dependent growth rate models were used to describe
the growth of dexamethasone sodium phosphate in re-
active crystallization. In order to evaluate the appli-
cability of the five size-dependent growth rate models,
the experimental data presented in Fig.2 were fitted
with the five size-dependent steady-state population
density distribution Egs. (11)—(15) respectively. Val-
ues of model parameters calculated with non-linear
regression are presented in Table 1.

Figure 3 The SEM photographs of dexamethasone
sodium phosphate

Using those data listed in Table 1, the fits of the
five theoretical population density distribution curves
are also shown in Fig. 2. It can be seen that the pop-
ulation density Eq. (12) by CR model does not repro-
duce the experimental data well, moreover, the other
four population density equations, especially Eqgs. (13)
and (15) by MJ2 and MJ3 models, reproduce the orig-
inal experimental data reasonably well respectively,
throughout the entire size range. This indicates that
MJ2 and MJ3 steady-state distribution functions are
more appropriate to predict the population density
distribution of dexamethasone sodium phosphate.
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Table 1 Kinetic constants of empirical size-dependent growth rate models
Model parameters
Model Equation ax 101 ex 108 Gox10° Gmx10° B x10-13 50 x 1020
m~! m m-s~! m-s™} s"m™® nom~!m~3
Bransom G(L) = aL? 7172x 107 0.783 — - — — —
ml—bs—l

Canning- G(L) = Go(1+aL) ~20.56 x 10* — - 2.328 — — 3.03
Randolph

ASL G(L) = Go(1 + aL)® 130.9 4.743 0.1931 4.472 2320

MJ2 G(L) = G|l — exp(—al)] 2.297 0.560 — — 6.167 — —

MJ3 G(L) = Gm{l — exp[—a(L + ¢)]} 1.586 0.450 6.3 — 7.167 — 26900

It is interesting to compare the growth rates esti-
mated by the five size-dependent growth rate models
using parameters listed in Table 1 with experimental
data. The result is presented in Fig.4. It should be
pointed out that in the crystal size range of 0—100 um
the difference between growth rates predicted by all
five models and experimental values is small. For the
larger crystals, however, the MJ3 model fits the exper-
imental growth rate data much better than the other
four models. It should also be pointed out that us-
ing the Bransom, C-R and ASL models, the growth
rates G(L) tend monotonically to infinity in the larger
size range, as shown in Fig.4. This is physically un-
realistic. The MJ3 size-dependent growth model, on
the other hand, approaches asymptotically a maxi-
mum growth rate which is consistent with the value
of G, obtained from the slope of population density
plot for larger crystal. Furthermore, the Bransom and
MJ2 models can not predict zero-size crystal growth
rate. So, the Bransom, CR, ASL and MJ2 models
are thus not very successful in representing the ob-
served size-dependent growth rates of dexamethasone
sodium phosphate. The MJ3 size-dependent growth
rate model can predict the growth rate of dexametha-
sone sodium phosphate well throughout the entire size
range.

Figure 4 Comparison of experimental linear growth
rates with those derived with different size-dependent
growth models
M Experiment; — — — Bransom; - - - - CR;

------ MJ2; MJ3

It can be concluded from above that the MJ3 crys-
tal growth model can accurately describe the growth
of dexamethasone sodium phosphate in reactive crys-
tallization processes.

Using MJ3 size-dependent growth model and se-
ries of experimental population density data ob-
tained in different experimental operation condi-
tions(temperature, initial concentration, magma den-
sity and supersaturation), the crystal growth and
nucleation rate equations of dexamethasone sodium
phosphate in reactive crystallization processes can be
determined by non-linear least-square method as fol-
lows

B® = 2.765x10%exp (—5.196 x 10* /RT)- AC*-%° MZ54
(16)

G =4.232 x 10%exp (—5.628 x 10*/RT) - AC*™.
{1 — exp [-1.586 x 10*(L + 6.300 x 107%)]}
(17)

where AC is supersaturation, Mt is magma density,
T is absolute temperature.

The mean square error Sy of Eq.(16) and Eq. (17)
are 6.33% and 8.68% respectively. The calculation
equation for Sy can be expressed as

Sy = (O_((X: - Xo)/X:)%)/m)>* (18)

where X is the experimental values of G or B®, X_ is
the calculated value of G or B® and n is the number
of experimental points.

From Egs. (16) and (17), it can be seen that the
exponential rates of crystal growth and nucleation to
supersaturation are 1.65 and 0.75 respectively. This
shows that both the crystal growth and nucleation
rates increase with the increase of supersaturation,
but the nucleation rate increases more rapidly. So
increasing the supersaturation is not favorable to ob-
tain crystals with larger size. It also can be seen
that the increase of growth rate of dexamethasone
sodium phosphate is slightly faster than that of nu-
cleation rate by increasing the crystallization temper-
ature. The growth rate is independent of suspension
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density; the nucleation rate increases slowly with the
increase of magma density. So, high crystallization
temperature, low magma density and supersaturation
will benefit to get dexamethaseon sodium phosphate
crystals of larger size.

5 CONCLUSIONS

The major emphasis of this paper has been to
study the growth model of dexamethasone sodium
phosphate in reactive crystallization. A continu-
ous MSMPR crystallizer was used to measure crystal
size distribution. It was found that the experimen-
tal semi-log population density distribution data ex-
hibit curvature which shows that the size-independent
growth rate model is not appropriate for describ-
ing the growth of dexamethasone sodium phosphate.
Five size-dependent growth rate models were used to
predict the steady-state population density distribu-
tion and growth rate of dexamethasone sodium phos-
phate. By comparison, it was found that the MJ3
size-dependent growth model can predict the crys-
tal growth of dexamethasone sodium phosphate more
accurately than do the other four models. Applica-
tion of the MJ3 size-dependent growth model to the
experimental population density data under different
conditions resulted in the growth and nucleation rate
functions of dexamethasone sodium phosphate in reac-
tive crystallization process to be determined. Through
analysis of these functions, it was found that super-
saturation, temperature and magma density are three
key factors which can influence the crystal size of dex-
amethasone sodium phosphate product.

NOMENCLATURE
a, b, ¢ parameters of growth rate models
B° nucleation rate, no-s™1.m—3
AC supersaturation, kg-m™3
G linear growth rate, m-s~1!
Gm,G1  the limiting growth rates of large crystals, m-s~!
Go zero-size crystal growth rate, m.s~!
L crystal size, m
Mt magma density, kg-m~?
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1 -3

n(L) population density, nom™! m
n? population density of crystal nuclei, no-m=%.m =
T absolute temperature, K
T mean residence time, s
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