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We have modelled the nucleation of the orthorhombic crystal form of lysozyme and subsequent crystal
growth from concentration profiles established during the measurement of equilibrium in concentrated
solutions of ammonium sulphate. A BCF mechanism for the crystal growth has been assumed. The second
osmotic virial coefficient is used to calculate the activity coefficient of the protein in solution. A steep
decrease of B22 is predicted for salt molalities higher than 6.8 m.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

During the determination of the solid–liquid phase diagram for
lysozyme/ammonium sulfate solutions, the concentration profiles of
lysozyme after the mixing of protein and ammonium sulfate solutions
have beenmeasured for salt molalities ranging between 3 and 8.5m at
pH 8 and 25 °C [1,2]. The concentration decreases very quickly initially
to attain a first plateau (in a few seconds). At this point two phases are
in equilibrium: a liquid containing ammonium sulfate, water and pro-
tein, and a solid (dense) phase containing amorphous protein, water
and ammonium sulfate. After some hours, the concentration begins to
decrease toward a second plateau. During the second decrease in
concentration, a crystal phase detected by X-ray analysis is formed. At
the end of the experiment, the supernatant concentration is assumed
to be equal to the equilibrium solubility of the crystal phase (ortho-
rhombic structure). Three phases are present in the vessel: crystal
phase, dense phase and liquid phase. Two types of experiments have
been performed. At low molality (Ib5.5 m), only a crystal phase is
formed. At high molality (IN5.5 m) an amorphous phase appears
immediately, and after a few hours the crystal phase is formed.

The aim of this study is to try to understand the mechanism of
formation of the crystal phase and model it. The classical theories of
nucleation and growth have been used. The knowledge of the kinetics
of lysozyme crystallization provides information that can aid in
understanding the interactions involved during crystallization and
permits identification of favourable crystallization conditions for the
design of large scale crystallization processes.

2. Model

2.1. Nucleation and growth rates

Solution of the population and mass balances permits calculation
of the concentration profile as a function of time. The population
balance has been written in terms of the moments of distribution;
equations in terms of the normalized moments are given in the
Appendix. Solution of these equations requires knowledge of the
supersaturation ratio S and the nucleation and growth rates of the
crystal phase (J and G).

In the following calculations, the crystals are considered to be
spherical in shape.

The nucleation rate J has been calculated using [3]:

J ¼ zf⁎C0exp −
ΔG⁎
kBT

� �

with ΔG⁎ the critical free enthalpy, ΔG⁎ ¼ 16πυ2
0σ

3

3 kBTð Þ2ln2S
; z the Zeldovich

factor, z ¼ W⁎

3πkBT n⁎ð Þ2
� �1=2

. f⁎ is the monomer attachment frequency,

which can be described, for attachment controlled by volume dif-
fusion, by fdiffusion⁎=(48π2m0)1/3DCeq′ Sn⁎1/3, and, for attachment con-
trolled by interfacial transfer, by finterface⁎=(6π2m0)1/3DCeq′ Sn⁎2/3 with
C0 the concentration of nucleation sites, Ceq′ the equilibrium molar
concentration of protein, D the diffusion coefficient of the protein in
the medium, T the temperature, n⁎ the number of molecules in the
critical cluster, v0 the molecular volume of the protein in the solid
phase, and σ the crystal/solution surface energy.

A Burton–Cabreara–Frank (BCF) mechanism has been chosen to
describe the crystal growth. The growth rate G is expressed by G ¼
Ksc1
Ksc2

S−1ð Þ2tanh Ksc2
S−1ð Þ

� �
where Ksc2 is a function of surface energy, tem-

perature, diameter of the growth units, number of cooperating spirals

Powder Technology 190 (2009) 112–117

⁎ Corresponding author.
E-mail address: fabienne.espitalier@enstimac.fr (F. Espitalier).

0032-5910/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.powtec.2008.04.085

Contents lists available at ScienceDirect

Powder Technology

j ourna l homepage: www.e lsev ie r.com/ locate /powtec

mailto:fabienne.espitalier@enstimac.fr
http://dx.doi.org/10.1016/j.powtec.2008.04.085
http://www.sciencedirect.com/science/journal/00325910


and Ksc1 of temperature, retardation factor during adsorption of the
growth unit into a kink site in the step, shape of the spiral, number of
growth units per unit volume of solution and activation energy of
dehydratation.

The supersaturation ratio has been calculated by the classical
expression, S ¼ γLC ′

γL
eqCeq ′

.

The activity coefficient of the protein has been expressed in terms
of the osmotic virial coefficients [4]

lnγL ¼ 2B22C ′ þ 3
2
B222C ′2 þ 0 B2222C ′3

� �
≈2B22C ′

where C′ is the protein molar concentration and the standard state for
the protein is taken such that γL→1 as C′→0, B22 and B222 are the
second and third osmotic virial coefficients respectively. In a dilute

solution, binary interactions are much more probable than ternary
interactions so it usually suffices to examine only interaction involving
pairs of particles. When B22 is negative, the net interaction between
protein molecules is attractive and when B22 is positive, the net in-
teraction is repulsive.

Combining the equations for activity coefficients and supersatura-
tion ratio gives an estimate of the thermodynamic driving force for
crystallization:

S ¼ exp⌊ln
C
Ceq

� �
þ 2B22Mprotein C−Ceq

� �
Wwaterρsolution⌋

with C the concentration of protein expressed in molality (kg protein/
kg water), Mprotein the molar weight of protein, wwater the weight
fraction ofwater in the solution and ρsolution the density of the solution.

2.2. Model assumptions

In the model, we have assumed that:

• One parameter permits description of the surface energy for experi-
ments in the presence or absence of the amorphous phase. The surface
free energy can be expressed in terms of the interactions between
proteinmolecules [5]. In the caseof lowsolubility, the authorsproposed

σ ¼ −K
kBT

d0=2ð Þ2
 !

ln
�s

m

� �

where K is a constant function of the stacking of molecules in the
crystal lattice z (for instance, K=0.042 for z=6), �s is the volume

Table 1
B22 values, growth rate parameters from σ ¼ −K kBT

d0=2ð Þ2
� �

ln �s
m

� �
for the surface energy,

and mean volume diameters

Parameters Frequency of monomer
attachment: Control by
diffusion

Frequency of monomer
attachment: Control by
interfacial transfer

With
amorphous
phase

Without
amorphous
phase

With
amorphous
phase

Without
amorphous
phase

KSC1 (m/h) 4.469 10−8 1.240 10−7 3.209 10−8 7.340 10−8

KSC2 0.385 0.3490 0.3420 0.3457
K 0.0492 0.0492 0.050 0.050

d(4,3) (μm)
I=5.8 m 6.2 3.8

Fig.1. Evolution of the measured second osmotic virial coefficients (◆ and w) as a function of the molality (parameter values in Table 1), the calculated second osmotic virial coefficients
from crystallization model (■), and the calculated second osmotic virial coefficients from the correlation of Haas et al. [6] with A=1.47·10−5 and z=2 (- - - -).

Fig. 2. Growth rate with and without amorphous phase as function of supersaturation ratio.
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