
Korean J. Chem. Eng., 20(6), 1111-1117 (2003)

d

crys-
ity
er,
t for
ak-
by
ess.
ody-
Two
ters

lli-

)
bu-
th

ant
dy.
in
tur-
A
on-
7;

tudy,
OLA
ol-

 to
tem-
 hy-

e of
ile
anol

orm

the
1111

†To whom correspondence should be addressed.
E-mail: haam@yonsei.ac.kr

Parameters Determining the Agglomeration Behavior of Anhydrous
L-ornithine-L-aspartate (LOLA) Crystals Prepared by Drowning Out Crystallization

Yehoon Kim, Seungjoo Haam†, Woo-Sik Kim and Kee-Kahb Koo*

Department of Chemical Engineering, Yonsei University, Seoul 120-749, Korea
*Department of Chemical Engineering, Sogang University, Seoul 121-742, Korea

(Received 30 June 2003 • accepted 16 September 2003)

Abstract−−−−Crystallization of L-ornithine-L-aspartate (LOLA) by drowning out was performed for the production of
the anhydrous form of LOLA. The needle-like LOLA crystals were formed and spherically agglomerated during pre-
cipitation in a semibatch crystallizer. The primary crystal size in the agglomerate remains unchanged after completion of
the crystallization. Therefore, the agglomeration process of primary crystals played an important role for controlling
LOLA crystal size. The agglomeration of LOLA crystals was governed by not only the physico-chemical parameters
such as the temperature and feed concentration, but also the hydrodynamic parameters such as agitation speed an
feeding rate. The crystal size and the shape have been shown to be important factors in product impurity and
flowability. Thus, the optimum condition of LOLA crystallization process by drowning-out could be obtained.
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INTRODUCTION

Crystallization by drowning out is widely used for the separation
of pharmaceutical products and biomaterials in industrial processes
[Myerson, 1993; Wolfgang, 1999]. In drowning out crystallization,
the supersaturation is generated by the addition of an antisolvent
which reduces the solubility of a solute. This method is preferred
rather than the evaporative or cooling crystallization for high solu-
ble material which has weak temperature dependence on solubility
[David et al., 1997]. In particular, it is also suitable for separation
of heat labile material because crystallization can occur at low tem-
perature. However, large quantities of antisolvent need to be han-
dled in order to obtain the desirable yield and to reduce impurities
incorporated into the crystal, which are the main disadvantages of
this method. In the pharmaceutical industries, both the crystal size
and the shape have an effect on the solid-liquid separation and so
purity, and on downstream processes, such as capsule-filling and
tablet-making for solid dosage forms [Chulia et al., 1994]. Accord-
ing to the study of drowning-out crystallization, the addition rate of
antisolvent and agitation rate were found to be significant factors in
determining the crystal size and shape [Charmolue et al., 1991; Han
et al., 1993]. It was suggested that the purity may be related to size
and shape of product crystals. The crystal size and the shape have
been also shown to be important factors in flowability and com-
pressibility [Szabó et al., 2001]. Therefore, it is essential to investigate
the operational variables for the effective crystallization by drown-
ing out.

Small sized crystals (<10µm) are often needed in biomaterial or
pharmaceutical industries due to their high bioavailability and dis-
solution kinetics. However, their downstream processing may be
difficult such as filtration, handling and storage. Therefore, the pro-
duction of spherical agglomerates of pharmaceutical compound crys-

tals has gained great attention, because the modification of the 
tal habit can change the bulk density, flowability, compactibil
and stability [Kawashima et al., 1982; Brittain, 1999]. Moreov
the formation of the spherical crystal agglomerates is importan
preparing the solid dosage forms by capsule filling and tablet m
ing. Agglomeration, which is widely used for enlarging crystals 
drowning out crystallization, can be defined as a two step proc
One is a step of encounter between particles due to fluid hydr
namics and the other is a coalescence step [Mulline, 1993]. 
major effects on agglomeration are physico-chemical parame
for probability of sticking and hydrodynamic parameter for co
sion frequency.

In our work, agglomeration of L-Ornithine-L-Aspartate (LOLA
was investigated for controlling the size and crystal size distri
tion. LOLA is a complex of the basic amino acid (L-ornithine) wi
acidic amino acid (L-aspartic acid). L-ornithine (C5H12N3O2), an
antidote to ammonia in the blood, is known to play an import
role in the urea production of the ornithine cycle in the living bo
L-aspartic acid (C4H7NO4) also plays a role as an amine-donor 
the ornithine cycle and thus is used for preventing hepatic dis
bances. Their simultaneous administration in the form of LOL
has proven to be more effective in reducing blood ammonia c
centration in patients with acute liver failure [Vogels et al., 199
Rose et al., 1998, 1999; Rees et al., 2000]. In our previous s
we reported that the agglomerates of needle-shaped crystals of L
could be obtained by adding aqueous solution of LOLA to antis
vent, methanol [Kim et al., 2003]. It is important in this method
control the speed of addition of the aqueous solution and the 
perature in order to avoid undesired polymorphs, hydrates. The
drate of LOLA is not suitable for commercial purposes becaus
coloration and swelling during a long period of storage time, wh
the anhydrous form does not have such problems. When meth
was added into the LOLA aqueous solution, the anhydrous f
was only obtained at temperature above 60oC. On the other hand,
when the LOLA aqueous solution was added into methanol, 



1112 Y. Kim et al.

cer-
ged
de

r the
ding
ter.

d-
the
into
om-
LA
ous
ring
ring

40,
A
l/

was
ese
LA
le in-
is-
ea-
rys-
 so-
 fil-
-
ning
crystal form depended not only on the operating temperature but
also on the feeding rate of the LOLA aqueous and methanol con-
centration. As such, our previous study has focused on controlling
the polymorphs in crystallization, and two agglomerated polymor-
phs are shown in Fig. 1. The morphology of LOLA crystals was
the spherical shape of crystal agglomerates. The overall appearances
of the three forms look alike, but the surface features are very dif-
ferent. The hydrate of LOLA is shown to be agglomerates of flake-
like crystals (Fig. 1d) and the anhydrate appears to be agglomerates
of needle-like crystal (Fig. 1f). When the feeding rate is fast at low
temperature (25oC), the excess supersaturation of the solution be-
comes large and the amorphous form is obtained (Fig. 1e).

In the present work, the influence of the process parameters in-
cluding operating temperature, feed concentration, agitation speed,
and feeding rate on agglomerations is investigated by using a semi-
batch crystallizer. The experimental conditions were limited to the
range of parameters in which only anhydrous form was obtained.

EXPERIMENTAL

1. Materials and Apparatus
LOLA (C5H13N3O2

+·C4H6NO4
−, MW 265.3) was supplied by Sig-

ma Chemical Co. and deionized water (conductance less than 4µs/
cm) and methanol (Merck, ±99.8 mol%) were used without fur-
ther purification. The experiments were conducted in a semibatch
crystallizer. A jacketed cylindrical glass vessel with 100 mm inner
diameter was used. Four stainless steel baffles with 2 mm thick-
ness and 10 mm width are attached to the walls. The temperature
of the crystallizer during the experiments was controlled by a heat-
ing medium supplied by a thermostat (PolyScience, model 9510).

Materials were prepared by mass using a balance with an un
tainty of ±0.0001 g. Weighed quantities of materials were char
to the crystallizer, and agitation was provided with a pitched-bla
stainless steel impeller. A peristaltic pump was used to transfe
feed from a stock vessel to the crystallizer at the desired fee
rate. The feeding line was a silicon tube with 3 mm inner diame
2. Experimental Procedure

The crystallization experiments of LOLA were conducted by ad
ing LOLA aqueous solution into an antisolvent, methanol. As 
LOLA aqueous solution with a constant flow rate was added 
the bulk methanol phase, a high supersatured state of LOLA c
plex was immediately created and the anhydrous form of LO
crystals tended to be nucleated. As the amount of LOLA aque
solution increased, the agglomeration of crystals occurred. Du
the experiment, the supersaturation was determined by monito
the initial feed concentration of LOLA.

The crystallization temperature was controlled at constant 
50 and 60oC. The feeding rate and feed concentration of LOL
solution were varied from 0.1 to 1.0 g/min and from 0.5 to 2 mol,
respectively. The total amount of LOLA aqueous solution used 
30 g. The agitation speed was varied from 300 to 700 rpm. At th
conditions, no particle breakage was observed. After feeding LO
aqueous solution, 1 ml of suspension was sampled at a suitab
terval from the crystallizer by using a micropipette. The size d
tribution of the crystals dispersed in a methanol solution was m
sured by particle size analyzer (HIAC 9703). To investigate the c
tal structure and morphology, the slurry was sampled from the
lution at a desired crystallization time. Then the crystals were
tered and dried for 24 hr at 50oC for the analysis. The surface mor
phology of agglomerated crystals was observed under a scan

Fig. 1. Polymorphs of LOLA (a) hydrate, (b) amorphous, (c) anhydrate, (d) surface of hydrate, (e) surface of amorphous form, (f) surface
of anhydrate.
November, 2003
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electron microscope (SEM).

RESULTS AND DISCUSSION

1. Evolution of LOLA Crystal Agglomerate
Crystal agglomeration has been investigated not only from anal-

ysis of crystal size distribution but also from microscopic observa-
tion. In our previous study, the solubility data of anhydrous LOLA
was obtained [Kim et al., 2001]. Solubility of anhydrous LOLA in
pure water is considerably high as 95-129 g/100 g H2O in the tem-
perature range from 25 to 60oC. However, methanol rapidly re-
duced the LOLA solubility in water over the whole range of the
methanol content studied in the present experiment. Since the sol-
ubility of LOLA in 90mass% of methanol content was below 0.1 g/
100 g H2O, the nucleation was occurring immediately as soon as
LOLA aqueous solution was added to the pure methanol. Then,
the agglomerates of LOLA crystals could be obtained in the agi-
tated suspension during the feeding period. As shown in Fig. 2, the
morphology of the primary crystals was needle type, showing the
characteristic morphology of the anhydrous form of LOLA. The
needle type primary crystals were agglomerated and then the size

of agglomerates was increased during the feeding time. The si
the primary crystals in the agglomerate was 15-20µm and remained
unchanged after completion of the crystallization. Therefore, th
results indicate that the crystal size was dominantly determined
the agglomeration. The mean size of the agglomerates determ
by particle size analyzer was plotted as a function of the reside
time at constant temperature, 60oC in Fig. 3. As shown in Fig. 3,
the mean crystal size was about 23µm at 5 min and agglomeration
was continued to 75µm until the end of feeding time, 60 min. Th
size distributions of the agglomerated crystals are also shown 
function of the residence time in Fig. 4. The primary crystals 
well represented by the first population peak within the size ra
0-20µm and the CSD shifted to right due to agglomeration as 
feed amount increased. Subsequently, the first population peak
appeared and a broader CSD was obtained as shown in Fig. 4

After the feeding time was ended, however, the mean crystal
and crystal population of the product suspension were not va
with ageing. After the feeding of desired amount of aqueous LO
solution into methanol, the supersaturation in the solution was
creased and the agglomeration was terminated. This suggeste
supersaturation was necessary to consolidate the agglomera

Fig. 2. SEM photographs of (a) primary crystal, (b) agglomerates
produced after completion of the crystallization.

Fig. 3. Effect of feeding time on the mean size of the agglomerates

Fig. 4. Effect of feeding time on the crystal size distribution of the
agglomerates.
Korean J. Chem. Eng.(Vol. 20, No. 6)
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LOLA. When LOLA aqueous solution was fed, the high supersat-
uration proceeded and hence rapid primary nucleation resulted. Si-
multaneously, a large number of small crystals present in a highly
supersaturated solution may agglomerate easily. This led to the con-
clusion that feed concentration as well as its feeding rate was im-
portant in determining the characteristics of crystal agglomeration.

In this agglomeration process, the recovery rate of the product
ranged from 90% to 95%. It was also confirmed that no polymor-
phic change of the primary crystals was observed in any of the ag-
glomerates by the powder X-ray diffraction patterns of the primary
crystals consisting of agglomerates as shown in Fig. 5.
2. Influence of the Temperature and Feed Concentration

The effect of temperature and feed concentration on the agglom-
eration was investigated at an agitation speed of 500 rpm and feed-

ing rate of 0.5 g/min of LOLA aqueous solution. A 30 g of sol
tion of 0.5, 1, 1.5 and 2 LOLA solute mol/kg water was added i
500 ml of methanol at 40, 50 and 60oC, respectively. The mean
size of the agglomerates was plotted as a function of residence
at various crystallization temperatures in Fig. 6. As shown in Fig
the mean crystal size was 35-50µm in which the LOLA agglom-
erates formed at the temperatures of 40 and 50oC. However, at a
higher temperature (60oC), agglomerates larger than 70µm were
observed because of high agglomeration probability for the s
cessful coalescence of the crystals due to the increased diffu
rate of solute at high temperature [Myerson, 1993]. Fig. 7 shows
the size distribution of the agglomerates obtained under different 
perature conditions. In Fig. 7, the crystal size distribution (CS
shifted to the right due to agglomeration as the temperature incre
Subsequently, the primary crystalís population peak disappe
and a broader CSD was obtained which was attributed to the s
agglomeration when we compared the CSD at 40oC with the one
at 60oC.

The cumulative number density was defined as the increa
rate of particle number by nucleation and the decreasing rate of
ticle number by agglomeration since nucleation and agglomera
occurred simultaneously [Randolph and Larson, 1971].

(1)

Fig. 8 shows the variation of cumulative number density aga
the crystallization temperature and feed concentration. These re
better indicated that at higher temperature and feed concentra
more agglomeration was generated. The cumulative number 
sity of the agglomerates was the largest at the crystallization t
perature of 40oC. At temperatures higher than 40oC, the cumulative
number density decreased from 3×106 to 105 No./ml. As the nucle-
ation rate was increased with increasing the feed concentratio
the same temperature and the agglomeration rate was also incr
the change of total cumulative number density was not varie
Eq. (1). Therefore, the difference in the number density at the s
temperature was less important for increasing agglomeration 
as shown in Fig. 8.

The mean primary crystal number in agglomerates was plo

dN
dt
-------  = 

dN
dt
------- 

 
nuc

 + 
dN
dt
------- 

 
agg

Fig. 5. Powder X-ray diffraction patterns of agglomerates and pri-
mary crystals.
(a) anhydrate, (b) anhydrate produced after completion of ag-
glomeration, (c) hydrate

Fig. 6. Effect of temperature on the mean size of the agglomerates
(�: 60 oC, � : 50 oC, � : 40 oC).

Fig. 7. Effect of temperature on the crystal size distribution of the
agglomerates.
November, 2003
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against the feed concentration with temperature as shown in Fig. 9.
The mean primary crystal number was calculated by

(2)

where Npri is the mean primary crystal number in agglomerates, Nagg

is the number of agglomerates, wT is solid concentration, ρc is the
crystal density, and νpri is the primary crystal volume. The number
of agglomerates and solid concentration was obtained from experi-
mental data and the mean primary crystal number in agglomerates
was calculated by using Eq. (2). As expected, the mean primary
crystal number in agglomerates increased with increasing tempera-
ture and feed concentration in Fig. 9. The mean primary crystal num-
ber in agglomerates was the largest at the crystallization tempera-
ture of 60oC. At temperatures lower than 60oC, the mean primary
crystal number decreased from 10000 to 100 crystal No./agglom-
erate. The spherical agglomerates of LOLA crystals and their sur-
faces are shown in Fig. 10. It could be seen that the unagglomer-
ated original crystals were needle type and had a length of 10-15
µm, and their shape and size were not changed. These SEM photo-
graphs indicated that temperature and feed concentration were the
physicochemical parameters which control the sticking and coales-
cence of the crystals.
3. Influence of the Agitation Speed and Feeding Rate

The extended results of agglomeration of LOLA with differe
feeding rates and agitation speeds are shown in Fig. 11. The e
iments were performed at 60oC and the feed concentration of 2
mass% and all the other experimental conditions remained thte s
as the previous experiments. The feeding rate was varied from
to 1 g/min corresponding to the residence time, from 30 min to 
min. The agitation speed was varied from 300 to 700 rpm to cha
the turbulent intensity, thereby inducing turbulent shear and imp
forces on the particles. For particles larger than the Kolmogo
microscale of turbulence,

(3)

where R is the agitation speed and Dagg is the size of agglomerates
In Fig. 11, the mean size was found to be in inverse proportio
the feeding rate and the agitation speed. The size of LOLA aggl
erates was decreased inversely from 200µm to 70µm by increas-
ing agitation speed at constant feeding rate as shown in Eq. (
the agglomerates have increased to the maximum size, the s
agglomerates can no longer be ruptured by primary crystals. 
higher agitation speed seemed not only to enhance the collision 
ability, but also to limit the adhesion time among crystals by 
shear stress. With increasing agitation speed, the shear force a
to the crystals increased, leading to more dispersed and lower
solidated time, and then resulted in reducing the crystal size o
product. This negative effect of the agitation speed dominate
which the number density of crystals was high and the crystal gro
rate was low. From the results, it was concluded that the incre
of the collision probability by the agitation speed became neg
ble. The mean agglomerated crystal size was enhanced at low 
ing rate because the residence time was increased. However, 
the agitation speed was increased, the effect of the residence
on the mean size became less important.
4. Influence of Agglomerates Size on Crystal Purity

The spherical agglomerates have good flowability and compr
ibility. However, solvent could easily be trapped between the in
vidual crystals which formed agglomerates. The agglomerates w
smaller, contained fewer crystals, and were accompanied by
entrapped methanol. The crystal impurity, the methanol cont
was determined by using gas chromatography (HP 4890D). T
1 indicates that the purity of final products correlated with the s
of the agglomerates. Agglomerates of the higher impurity were pro-
duced when the mean size of agglomerates increased. Whe

Nmean = Npri Nagg⁄ , Npri = 
wT

ρcνpri

------------

Dagg( )max R( ) − 1∝

Fig. 8. Cumulative number density of LOLA products (�: 2 mol/kg, � : 1.5 mol/kg, � : 1 mol/kg, �: 0.5 mol/kg).

Fig. 9. Effect of feed concentration and temperature on the mean
primary crystal number in agglomerates (�: 60oC, �: 50
oC, � : 40 oC).
Korean J. Chem. Eng.(Vol. 20, No. 6)
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mean size of agglomerates was increased from 30µm to 147µm,
the methanol content was increased from 163 to 400ppm. The meth-
anol content in agglomerates having different morphology is also
shown in Table 1. The methanol content was two times higher for
hydrate than for anhydrate in the same agglomerate size. This in-

dicates that the anhydrate is preferable in terms of purity. Pu
size and morphology appear to be closely related. However, crystal
flowability and impurity of agglomerates are restricted conditio
with each other. Thus, the optimum condition could be obtain
through a compromise between flowability and impurity.

CONCLUSIONS

Agglomerates of LOLA with spherical shape were obtained 
drowning out in a semibatch crystallizer. The crystal size and 
distribution varied with the process parameters. In the experim
tal range under consideration, agglomeration phenomenon of LO
crystals appeared to be ruled by not only by the physico-chem
parameters but also the hydrodynamic parameters. However, be
of the complexity of the combined processes (nucleation, cry
growth or crystal agglomeration), the mechanism of LOLA agglo
eration is still poorly understood. Therefore, future work should stu
the mechanism of LOLA agglomeration by using the seed ba
crystallizer.
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Fig. 10. SEM photographs of LOLA crystals: (a) 40oC, (b) 50oC, (c) 60oC, (d) Surface of (a), (e) Surface of (b), (f) Surface of (c).

Fig. 11. Effect of feeding rate and agitation speed on the mean size
of agglomerates (�: 0.1 g/min, � : 0.2 g/min, �: 0.3 g/
min, � : 0.5 g/min, : 1.0 g/min).

Table 1. Effect of agglomerate size on the purity of LOLA crystals

Form Hydrate Anhydrate Anhydrate Anhydrate Anhydrate Anhydrate

Mean size (µm) 120 30 41 76 95 147
MeOH content (mg/LOLA kg) 818 163 179 221 310 400
November, 2003
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NOMENCLATURE

D : particle diameter [m]
N : number of particles
R : agitation speed [s−1]
t : time [s]
wT : mass of solid [kg]

Greek Letters
ρc : density of crystal [kg m−3]
ν : volume of crystal [m3]
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