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The ratio of the pure-component solubility of a primary solute to that of an impurity
in the same sol®ent has a dramatic impact on crystal purity when lattice substitution is
the dominant mechanism of impurity incorporation in the crystal. This is demonstrated
for a model system of isoleucine and leucine in which leucine is the impurity. The
pure-component solubility ratios of isoleucine to leucine in mixed sol®ents were mea-
sured and used to select sol®ents that could affect the lattice substitution of leucine in
isoleucine crystals. Addition of electrolytes andror cosol®ents to aqueous solutions of
the two amino acids impro®ed the purity of isoleucine crystals obtained by cooling.

Introduction
The incorporation of impurities in crystals nucleated and

grown from impure solutions can occur through a variety of
physical and chemical mechanisms. These include inclusions
Žovergrowth of liquid containing both solute�defined here

.to be the primary crystallizing species�and impurity , en-
trapment of liquid in crystal irregularities and agglomerates,
adsorption of the impurity on the crystal surface, wetting of
filter cakes by residual liquid, lattice substitution, and lattice
entrapment. The present work is concerned with lattice sub-
stitution, which is controlled by the thermodynamics of the
solid-liquid system.

For lattice substitution to be a factor, the molecular struc-
ture of the solute and impurity molecules must be similar; in
other words, an impurity molecule must fit into the lattice of
the solute crystal without causing major stresses on the re-
sulting lattice. Equilibrium between a crystal and the solution
from which it is grown provides a limiting condition relative
to the purity that can be achieved by crystallization. In the

Ž .work reported here, a model solute L-isoleucine was crys-
Žtallized from solutions containing a model impurity L-

.leucine . The solvents used were mixtures of water with vari-
ous cosolvents andror additives selected to affect crystal pu-
rity.

The system chosen for study has importance beyond its role
as a model for the phenomena being investigated. Specifi-
cally, fermentation is used to synthesize biologically active L-
isoleucine, and small quantities of the isomorphic impurities
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L-leucine, L-valine, and �-amino butyric acid are also pro-
duced in that process. Evidence from prior experiments has
shown that lattice substitution is the dominant mechanism by
which the given impurities are incorporated in L-isoleucine

Žcrystals Koolman and Rousseau, 1996; Zumstein and
.Rousseau, 1989 . There is, therefore, an incentive to limit lat-

tice substitution in amino acid systems.
It is well known that many crystallization characteristics are

related to solute solubility. Relationships for the solubility of
numerous amino acids have therefore been developed with
respect to temperature, pH, and electrolyte or co-solvent

Žconcentration Cohn and Edsall, 1943; Nass, 1988; Chen et
al., 1989; Orella and Kirwan, 1991; Gupta and Heidemann,

. Ž .1990; Kuramochi et al., 1996 . Bezard et al. 1997 attributed´
variations in the distribution coefficient of an impurity to the
solubility of that species. It is the purpose of the present work
to explore the role that some of these variables play in deter-
mining crystal purity. The experiments performed were
guided by the hypothesis that the pure-component solubility
of the impurity in a given solvent relative to the pure-compo-
nent solubility of the solute in that solvent provides an indi-
cator of crystal purity.

The pure-component relative solubility �� is defined here
as

w xILE �
��s 1Ž .

w xLEU �

where each bracketed term is the pure-component solubility
of the indicated species in a given solvent. These quantities
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Ž .solubilities and corresponding �� were determined for each
solvent examined and used to identify significant changes in
solubility behavior. Effective solution additives were defined
as those that gave values of �� significantly different from
those in pure water.

Experimental Procedures
Solubility

Care was taken to clean and sterilize all equipment thor-
oughly to prevent contamination. Solubility experiments were
conducted in a 150 mL jacketed glass equilibrium vessel
equipped with three ports. One port was used for adding test
solutions to the vessel, the second port was used to insert a
capillary tube that served as a vent for the air being displaced
when the test solution was added, and the third port was
wrapped in aluminum foil and sealed with autoclave tape.
The contents of the equilibrium vessel were kept at a con-
stant temperature by water circulating through the jacket of
the vessel from a programmable water bath. The bath pro-
vided temperature control of �0.01�C.

Amino acid solutions were prepared in a sterilized glass
vessel by adding pre-weighed quantities of the amino acid,

Žpure deionized water, and co-solvent andror electrolyte as
.needed in order to achieve the desired mol fraction or ionic

strength of the components in the solution. The container
was then sealed, and the contents were heated and stirred
until the solution was homogeneous. The final conditions
were held constant for about 30 min to ensure that no solid
amino acid was present in the solution.

Then, 100 mL of the hot unsaturated amino acid solution
was transferred to the sterilized equilibrium vessel using a
heated syringe. Since bacteria and microbial organisms are
typically 0.5 �m in size or larger, the solution was filtered
through a 0.45-�m filter to remove any contaminants. The
equilibrium vessel was also maintained at the elevated tem-
perature of the solution being transferred, and its contents
were continuously monitored for any signs of crystallization.
The experiment was terminated if crystals were found to be
present at the elevated temperature. The temperature set
point of the circulating water bath was then lowered until
crystals of amino acid could be visually observed. The final
temperature was held constant for at least 8 h to ensure equi-
librium, after which a sample was withdrawn from the liquid
phase using a sterilized syringe fitted with a stylet. The sy-
ringe needle and stylet were immersed in the solution for
about 10 min prior to sample withdrawal so that temperature
equilibrium could be established. The stylet prevented any of
the solution from entering the needle and crystallizing inside.
After the liquid sample had been withdrawn, the stylet was
removed from the core of the needle and a preheated 5-mL
plastic syringe was attached to the Luer-Lok fitting of the
needle. Approximately 2 mL of solution was withdrawn using
this plastic syringe filtered through a 0.45-�m filter, and col-
lected in a high-performance liquid chromatography HPLC
vial containing a known mass of an internal standard solu-
tion. The entire sampling procedure was typically performed
in less than 20 s to minimize the effect of heat losses from
the syringe and its contents. The experiments were repeated
at several values of the circulating water temperature.

The temperature of the water circulating in the jacket of
the equilibrium vessel was measured with a type-T thermo-
couple calibrated against a standard platinum resistance

Ž .thermometer SPRT . A separate series of experiments was
performed to determine the difference between the circulat-
ing water temperature and the temperature of the solution in
the equilibrium vessel. This indirect method of temperature
measurement was adopted in order to avoid any contamina-
tion of the solution from the thermocouple. The maximum
standard deviation between the solution and circulating wa-
ter temperatures was found to be 0.33�C. After adding the

Ž .error from the SPRT calibration �0.1�C , a very conserva-
tive estimate of the accuracy of the temperature measure-
ments is �0.5�C.

Crystallizations and crystal purity
Crystallization experiments were conducted in the same

150-mL jacketed glass vessels that were used in the solubility
measurements. Liquid samples were taken from the vessels
using the same technique and the same stainless steel nee-
dles, syringes, and filters. Since the composition of the solid
crystals was desired, a method of extraction, filtration, wash-
ing, and drying of the crystals was developed for these stud-
ies. In addition, these tests were run in duplicate to obtain
estimates of the variability of the crystallization process and
experimental errors.

Solutions of the desired concentration were prepared by
weighing appropriate quantities of the components in a tared
bottle placed on a top-loading balance. These solutions con-

Žtained 5, 10 or 15 mol % impurity amino acid on a solvent-
.free basis . The solutions were heated until all the amino acid

was in solution, then cooled until crystals could be observed.
After ensuring that the system was at equilibrium, samples of
the liquid were withdrawn as described previously. After
sampling the liquid, the bath circulator was turned off and
the contents of the equilibrium vessel poured through a filter
under vacuum. Once all the mother liquor had been drawn
through the filter, the wet crystals on the filter paper were
rinsed three times with a total of about 100 mL of water in
order to wash away any adhering mother liquor. In the wash-
ing process, about one-third or more of the mass of amino
acid crystals usually was dissolved, which ensured that the
adhering mother liquor was entirely removed.

A vacuum was drawn on the funnel and its contents for at
least 15 min in order to dry the crystals sufficiently. The filter
paper with adhered amino acid crystals was then removed
from the funnel and two 0.1-g samples of amino acid crystals
were scraped from the filter paper. The samples were col-
lected on weighing paper and added to separate empty 100-
mL volumetric flasks. The amino acid samples were then dis-
solved in approximately 100 mL of purified water. After dis-
solution, 0.8 mL of each sample was pipetted into a vial and
the relative amounts of amino acid were determined by HPLC
analysis. Since the crystals consisted of only isoleucine and
leucine, the ratio of product to impurity was obtained directly
by HPLC analysis without requiring information on the con-
centration of amino acid in the sample solution. This sam-
pling procedure was then repeated for a second sample.
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Analytical procedures
Several analytical techniques were employed to quantify

and characterize the various liquid and crystalline samples
taken during the solubility and crystal-purity experiments. The
concentrations of amino acid in the saturated liquid samples
were measured via HPLC analysis. Similarly, initial and final
amino acid liquid concentrations from the crystal-purity ex-
periments were measured using HPLC. The degree of incor-
poration of amino acid impurity in the product crystals was
also quantified using this chromatographic technique. Differ-
ent dilution schemes, however, were used to prepare the liq-
uid and solid samples for HPLC analysis.

GC analysis was used to check for evidence of co-solvent
incorporation in the amino acid crystals. Finally, the effect of
different electrolytes and co-solvents on the amino acid crys-
tal morphology was verified by optical microscopy.

High Performance Liquid Chromatography. A Shimadzu
HPLC system consisting of a SCL-10A controller, S1L-10A
autosampler, two LC-10AS high-pressure pumps, and a SPD-
10AV UV-visible wavelength detector was used to perform
the chromatographic separation on a Rainin Microsorb-MV
reverse-phase column. The voltage signal from the detector
was interpreted by a Shimadzu CLASS-VP Chromatography
Data System version 4.2 software program. The binary gradi-
ent used in all HPLC separations allowed the column to
equilibrate at an aqueous methanol flow rate of 0.6 mLrmin
and a pure methanol flow rate of 0.4 mLrmin for a total flow
rate of 1 mLrmin. Conventional amino acid derivatization and
analysis procedures were followed to ensure accuracy and re-

Ž .producibility of the data Chang, 2000 . The reproducibility
of the chromatographic technique permitted accurate con-
centration measurements to �0.5 g of isoleucine or leucine
per kg of solvent. A representative chromatogram is provided
in Figure 1 to indicate the separation achieved using this
method.

The internal standard, L-valine, was retained in the col-
umn for about 3 min, while L-isoleucine and L-leucine were

Figure 1. Typical HPLC separation of valine, isoleucine,
and leucine.

retained for about 5 and 5.5 min, respectively. Unretained
Ž .components from the ortho-phthalaldehyde OPA solution

used for derivatization of the amino acids were evident in the
few peaks eluting after about 1 min. Additional details re-

Ž .garding the HPLC procedures are given in Givand 1999 .
Ž .Gas Chromatography. Torii and Iitaka 1971 , Coll et al.

Ž . Ž .1986 , and Koolman and Rousseau 1996 found that water
was not part of the L-isoleucine and L-leucine crystal struc-
tures. However, the potential for inclusion or retention of
other solvent species upon crystal growth from mixed solu-

Ž .tions was examined. Gas chromatographic GC analyses us-
ing a Hewlett-Packard 6890 Series GC System and a phenyl-

Žmethyl siloxane capillary column 30.0 m long, with a 0.32
.mm outer diameter and 0.25 �m thickness were performed

on the crystals recovered from experiments involving a cosol-
Ž .vent. A flame ionization detector FID was used to detect

the possible presence of t-butanol, dimethyl sulfoxide
Ž .DMSO , and ethylene glycol. Since quantification was not
desired, calibration curves and reproducibility studies were

Žnot needed. Each of the components isoleucine, leucine, t-
.butanol, DMSO, and ethylene glycol were dissolved or mixed

with water and injected into the capillary column to deter-
mine their respective retention times. Once the retention time
of each component was known, crystal samples from the pu-
rity experiments were dissolved in water and analyzed to see
if peaks corresponding to the appropriate co-solvent were ev-
ident. Details of the GC procedures are given in Givand
Ž .1999 .

Optical Microscopy. Adverse effects on the morphology or
stability are often encountered upon changes to the solvent
composition from which a product is crystallized. For exam-
ple, the morphology may change from cube-like to thin and
needle-like, which can lead to filtering, tableting, or other
processing difficulties. Optical microscopy was therefore used
to study the effect of the chosen co-solvents and electrolytes
on the isoleucine crystal morphology.

Crystals of isoleucine were collected by several means to
study the morphology. At the completion of selected solubil-
ity and crystal-purity studies, samples of the crystals con-
tained in the mother liquor were extracted using a pipette.
Crystals were also collected and analyzed by allowing droplets
of saturated solution containing the dissolved amino acid to
evaporate. Occasionally, the different methods of crystal
growth gave rise to different crystal morphologies due to dif-
ferent nucleation and growth kinetics.

The collected crystals were placed or grown on glass slides.
The slides were then placed on the stage of the Leica optical
microscope, which had a 10� eyepiece and 5 objective lenses
for magnifications of 2.5�, 5�, 10�, 20�, and 50�. Trans-
mitted or reflected light sources could be used to illuminate
the sample. The light could be polarized if desired and used
in a bright-field or dark-field mode for most of the lens ob-
jectives. Each combination of operating features allowed dif-
ferent crystal features to be viewed. Dark-field operation was
particularly useful in detecting the boundaries and edges of
crystals, as well as occlusions of solvent in crystal voids. Po-
larized transmitted bright field light was used most often for
high-quality pictures and the ability to distinguish between
overlapping crystals and different crystal faces. An analog
video camera was used with the Image-Pro Plus software
package and video capture computer card to take digital
snapshots of the focused microscope image.
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Figure 2. Pure-component solubilities of L-isoleucine
and L-leucine in pure water.

Solubilities
Experimentally determined solubilities of L-isoleucine and

L-leucine in pure water are shown in Figure 2. The L-iso-
Ž .leucine data correspond closely to those of Hade 1963 and

Ž .Zumstein and Rousseau 1989 , but differ significantly from
D-isoleucine solubilities reported by Dalton and Schmidt
Ž .1935 . The L-leucine solubilities were slightly below those

Ž . Ž .obtained by Dalton and Schmidt 1935 and Budavari 1989 .
A more detailed presentation of the comparisons is given

Ž .by Givand 1999 . The pure-component solubility ratio
w x w xILE �rLEU � in pure water was determined from the mea-
sured solubilities and ranges from about 1.58 at 20�C down to
about 1.55 at 60�C.

ŽThe effects of three electrolytes calcium chloride, ammo-
. Žnium sulfate, and cupric chloride and three cosolvents t-

.butanol, dimethyl sulfoxide, and ethylene glycol on the solu-
bilities of L-isoleucine and L-leucine were examined in the
present work. Experiments were also performed in which both
an electrolyte and a cosolvent was added to the system. All
cosolvent compositions are given in mol % while electrolyte
concentrations are reported by ionic strength

m z2
i i

�sÝ 2Ž .i 2

where m represents the concentration of ion i in mol per kgi
of solvent and z is the valence of ion i.i

Ž .Electrolytes. Cohn and Edsall 1943 reported a maximum
in the solubility of cystine as the concentration of ammonium
sulfate in aqueous solutions is increased. Should such a maxi-
mum exist for isoleucine and leucine and if the maxima are
different, the behavior could provide the basis for selecting a
solvent to enhance crystal purity.

Accordingly, isoleucine and leucine solubility data were
collected at three different concentrations of ammonium sul-

Ž .fate �r2s0.75, 1.62, 4.01 and are given in Table 1. As
shown in Figure 3, both amino acids were salted out dramati-

Ž .cally at the intermediate and highest NH SO concentra-4 2 4
tions, but their solubilities were essentially unchanged at the

( )Table 1. Solubilities g Amino Acidrrrrrkg Solvent of L-Iso-
( )leucine and L-Leucine in Aqueous NH SO Solutions4 2 4

Ž .T �C Isoleucine Leucine
Ž . Ž .NH SO �r2 0.75 1.62 4.01 0.75 1.62 4.014 2 4

19.0 32.46 28.70 20.63 20.77 18.28 13.27
28.7 33.73 30.35 22.17 21.91 19.35 14.13
38.4 37.04 32.92 24.96 23.85 21.28 15.89
48.4 40.11 36.17 26.52 26.08 23.15 17.32
58.4 44.60 40.40 31.18 29.16 26.48 20.47

Figure 3. Pure-component solubilities of L-isoleucine
and L-leucine in aqueous solutions of ammo-
nium sulfate.

lowest salt concentration. Even at the highest salt concentra-
tion, however, the pure-component solubility ratio
w x w xILE �rLEU � is insignificantly changed from the values for
pure water over the 20�C to 60�C temperature range.

The solubility of L-leucine in aqueous solutions is reported
to diminish upon the addition of simple salts such as NaCl

Žand KCl and to increase with the addition of CaCl Cohn2
.and Edsall, 1943 . As shown in Table 2, both L-isoleucine

and L-leucine were found to be salted-in by CaCl at an ionic2
strength of 1.27. However, there was only a slight modifica-

( )Table 2. Solubilities grrrrrkg Solvent of L-Isoleucine and L-
( )Leucine in Water, Aqueous Calcium Chloride �rrrrr2s1.27 ,

( )and Copper Chloride Solutions �s0.56

Isoleucine Leucine
Ž .T �C H O CaCl CuCl H O CaCl CuCl2 2 2 2 2 2

19.0 33.56 36.50 34.53 33.40 23.60 6.47
23.7 33.85 37.24 � 33.90 24.17 �
28.7 35.28 � 34.10 � 34.97 6.29
33.4 35.89 39.86 � 35.86 26.07 �
38.4 37.29 � 34.55 37.28 � 6.57
43.5 38.25 43.76 � 38.54 28.53 �
48.4 40.22 � 34.56 40.46 � 6.24
53.4 42.13 47.81 � 42.60 31.90 �
58.4 44.58 � 36.87 44.62 � 7.03
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tion in �� with the addition of CaCl . The addition of CaCl2 2
was not, therefore, expected to have a significant effect on
the purity of isoleucine crystallized from aqueous solutions
containing both amino acids.

Ž . Ž .Li and Xu 1992 have shown that copper II complexes of
Ž . Ž .the form Cu � L-Ile �H O and Cu � L-Leu are crystallized2 2 2

from copper-salt containing solutions of the respective amino
acids. Furthermore, a means of affecting crystal purity may
reside in the fact that L-isoleucine forms a hydrated crystal
while leucine crystals are anhydrous.

Experimental solubility data of the two amino acids in
CuCl solutions of low ionic strength are presented in Table2
2. Rather than enhance the ratio of pure-component relative
solubilities, the copper complexes changed the system in such
a way that the pure-component relative solubilities of the im-
purity, leucine, were even lower than in the water. Further-
more, isoleucine and leucine molecules exist as copper com-
plexes in the crystalline state, which alters the original case
of pure leucine lattice substitution within the pure isoleucine
crystal. While transition metals such as copper may serve as
effective precipitating agents for several solutes, further solu-
bility and purity studies were not performed since the incor-
poration of the metal ions does not permit direct comparison
to the reference crystalline isoleucine state.

Cosol®ents. Isoleucine and leucine are only slightly solu-
Ž .ble in water less than 0.01 mol fraction and essentially in-

soluble in organic and other solvents. For these and other
reasons, the range of solutions examined in the present work
was limited to aqueous mixtures. Furthermore, only those
solvents forming miscible solutions were considered, which
limited the cosolvents to light alcohols and highly polar or-
ganic compounds.

The solubility of several amino acids in aqueous solutions
of methanol, ethanol, 1-propanol, and 2-propanol have been

Ž .reported by Orella and Kirwan 1989, 1991 . Leucine and
isoleucine were shown to be salted out quite strongly in some
of these alcohol solutions, and, therefore, these were not ex-
amined in the present research. In addition, larger alcohol
species were not considered here because they are only par-
tially miscible with water. The alcohol, t-butanol, however, is
completely miscible with water and has not been considered
by previous investigators.

Ž .Two concentrations of t-butanol 8 and 15 mol % in water
were used to quantify the impact of this additive on the solu-
bility ratio. The measured solubilities are given in Table 3
and the solubility ratios are given in Figure 4. Both amino
acids are salted out by t-butanol, and this cosolvent modifies
somewhat the dependence of the resulting solubilities on
temperature. The addition of t-butanol causes the reduction

( )Table 3. Solubilities g Amino Acidrrrrrkg Solvent of L-Iso-
leucine and L-Leucine in Aqueous t -Butanol Solutions

Ž .T �C Isoleucine Leucine
Ž .t-Butanol mol % 0 8.0 15.0 0 8.0 15.0

19.0 33.56 15.41 13.02 33.40 9.38 7.41
23.7 33.85 17.38 13.05 33.90 10.70 8.46
33.4 35.89 21.67 17.21 35.86 13.87 11.30
43.5 38.25 27.73 23.14 38.54 17.48 14.48
53.4 42.13 33.48 26.97 42.60 21.48 18.16

Figure 4. Pure-component solubility ratios in water and
aqueous solutions of DMSO, of t -butanol, and
of ethylene glycol.

in the solubility of both amino acids with temperature to be
much more pronounced. While addition of t-butanol favor-
ably increases the yield from a crystallization process, Figure
4 shows that the pure-component solubility ratios
w x w xILE �rLEU � remained relatively unchanged from the refer-
ence values in pure water. The scatter in the t-butanol data
in Figure 4 is troublesome and currently unexplained.

A number of researchers have shown that the solubility of
organic species in different solvents is influenced by the di-

Želectric constant of the species Hampe, 1986; Takei, 1988;
.Treivus, 1994 . Because isoleucine and leucine show such dif-

Ž .ferent solubilities in pure water Figure 2 , cosolvents with
dielectric properties similar to that of water were considered
as candidates for modification of the relative solubility of
isoleucine and leucine.

The dielectric constant of water varies from about 80 to 67
over the temperature range of 20�C to 60�C. The dielectric

Ž .constants of dimethyl sulfoxide DMSO and ethylene glycol
Ž .EG are about 50 and 40, respectively, at 20�C. This com-
pares to a value of about 20 for methanol, ethanol, 1-pro-
panol, and 2-propanol at that temperature. Both DMSO and
EG are completely miscible with water.

Measured solubilities of the amino acids are given in Table
4 for solutions of 10 mol percent DMSO and for solutions of
20 mol percent EG in water. Both amino acids were substan-
tially salted out by DMSO. Importantly, DMSO reduced the

( )Table 4. Solubilities g Amino Acidrrrrrkg Solvent of L-Iso-
leucine and L-Leucine in Aqueous 10 mol % DMSO and

20 mol % Ethylene Glycol Solutions

Cosolvent DMSO Ethylene Glycol
Ž .T �C ILE LEU ILE LEU

19.0 9.88 6.59 13.44 8.98
28.7 11.02 7.62 15.86 10.65
38.4 13.34 8.97 18.80 12.57
48.4 15.91 10.88 22.31 15.07
53.4 17.51 11.91
58.4 26.47 18.06
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w x w xpure-component solubility ratio ILE �rLEU � to about 1.47;
in other words, leucine is more soluble, relative to isoleucine,
in the DMSO solution than it is in pure water. According to
the hypothesis presented earlier, this is expected to reduce
the inclusion of leucine impurity in the isoleucine crystal. It is
also interesting to note that the dependence of the solubili-
ties on temperature was essentially the same in DMSO solu-
tions as they were in pure water.

The results with EG differ from those with DMSO. The
solubilities of isoleucine and leucine are slightly stronger
functions of temperature than with either pure water or

Žaqueous solutions of DMSO. Again, this property can be
.used to increase the yield in a crystallization process. In ad-

dition, the reduction in absolute solubility of the two amino
acids was not as dramatic with 20 mol % EG as was observed
with 10 mol % DMSO. The reductions in solubility ratio were
similar for both DMSO and EG. On a molar basis, however,
the amount of DMSO required to reduce the solubility ratio
from about 1.56 in pure water to about 1.47 was half that of
EG.

Combined Additi®es. A significant reduction in the pure-
w x w xcomponent solubility ratio ILE �rLEU � was realized only

with addition of either DMSO or ethylene glycol to aqueous
solutions. High dielectric properties were common to both of
these additives. DMSO has a higher dielectric constant and
was more effective, on a molar basis, than ethylene glycol.
However, the absolute solubilities of the amino acids were
suppressed further with DMSO than ethylene glycol.

The reduction in the amino acid solubilities by DMSO
could have an adverse effect on the usefulness of the solvent.
On the other hand, at an ionic strength of about 1.27, CaCl2
had little effect on the relative solubility, but increased the
solubility of the amino acids by about 10 to 15 percent. In
hopes of obtaining the best characteristics of each additive,
solubilities of the amino acids in solutions containing both
DMSO and CaCl were determined.2

Aqueous DMSO solutions were prepared containing CaCl2
concentrations equivalent to solution ionic strengths of ap-
proximately 1.2 and 3.0. The solubilities of isoleucine and
leucine were measured in these solutions and are given in
Table 5. Clearly, calcium chloride enhanced the solubility of
both amino acids in these solutions.

w x w xThe ILE �rLEU � solubility ratio depends on the concen-
trations of DMSO and CaCl in the aqueous solutions. Table2
6 shows interpolated values of the pure-component solubility
ratio at 25�C. Clearly, the impact of CaCl on the pure-com-2
ponent solubility ratio is slight in comparison to the effect of

( )Table 5. Solubilities g Amino Acidrrrrrkg Solvent of
L-Isoleucine and L-Leucine in Aqueous Mixtures of

DMSO and CaCl 2

10 mol % DMSO 20 mol % DMSO
Ž .CaCl �r2 1.2 1.2 1.2 3.0 1.2 3.02

Ž .T �C ILE LEU ILE ILE LEU LEU

19.0 12.59 8.61 5.73 9.01 4.21 6.69
28.7 14.49 9.99 7.53 11.50 5.43 8.57
38.4 17.88 12.45 9.28 14.65 6.45 10.75
48.4 20.95 14.30 11.93 18.73 8.63 13.94
58.4 26.00 17.81 15.47 24.20 11.09 17.72

Table 6. Pure-Component Solubility Ratio � � in Solutions of
( )DMSO and CaCl at 25�C Interpolated from Data2

Ž .CaCl Content �r22

Ž .DMSO mol % 0 1.2 1.2 3.0

0 1.56 � � �
10 1.47 1.45 � �
20 � � 1.39 1.35

DMSO. The objective of the solubility experiments was satis-
fied by identifying a solution in which the pure-component

w x w xsolubility ratio ILE �rLEU � was significantly lower than in
pure water. On this basis, the aqueous 20 mol % DMSO so-
lution containing CaCl in a solution ionic strength of about2
3.0 was proposed as a mother liquor from which to crystallize
isoleucine to achieve improved purity.

Effect of Amino Acid Impurities on Solubility. The pres-
ence of one amino acid in solution has been reported to af-

Ž .fect the solubility of another amino acid Jin and Chao, 1992 .
This effect also was observed for the isoleucine-leucine sys-
tem in the present work. Two cases were examined: one in
which the leucine content was about 4 mol % and another at
18 mol %. There was an insignificant increase in isoleucine
solubility in the 4%-leucine solutions. At 20�C, however, the
isoleucine solubility was about 10% greater in the 18%-
leucine solution than in pure water. The salting-in effect di-
minished substantially with an increase in solution tempera-
ture, essentially disappearing at 55�C.

Crystal Purity
Crystallizations of isoleucine from aqueous solutions con-

taining varying concentrations of leucine were conducted and
established reference purities for resulting crystals. For com-
parison, crystallizations of the complementary system also
were performed, that is, leucine was crystallized from aque-
ous solutions containing varying concentrations of isoleucine.
The results of both sets of these experiments, which are given
in Figure 5, show that the leucine-to-isoleucine ratio in
isoleucine crystals is 26% greater than in the equilibrium

Figure 5. Impurity content of L-isoleucine and L-leucine
crystals.
Compositions are in mol % on a solvent-free basis and T s
25�C.

December 2001 Vol. 47, No. 12 AIChE Journal2710



Figure 6. Effects of solution composition on the purity
of L-isoleucine crystals.
Compositions are in mol % on a solvent-free basis and T s
25�C.

mother liquor; on the other hand, the isoleucine-to-leucine
ratio in leucine crystals is about 30% lower in the leucine
crystals than in the equilibrium mother liquor. Both data sets
follow linear relationships between the impurity content of
product crystals and the equilibrium mother liquors, and the
lines through the data are linear fits through the origin. Fi-
nally, the limited scatter in the experimental data indicates
precise and reproducible experimental techniques for liquid
and crystal sampling and crystal washing.

It is interesting to note that the purities of isoleucine and
leucine crystals plotted in Figure 5 satisfy the hypothesis upon
which this research was formulated. Namely, since isoleucine

Žhas a higher solubility in pure water than does leucine see
.Figure 2 , the tendency of leucine to contaminate isoleucine

crystals is greater than the tendency of isoleucine to contami-
nate leucine crystals. Subsequent experimentation tested the
hypothesis and focused on the incorporation of leucine in
isoleucine crystals, since this was considered to be the more
severe problem.

The sensitivity of the lattice substitution mechanism to the
solubility ratio was tested by performing a series of experi-
ments in which isoleucine was crystallized from aqueous solu-
tions containing various additives and was contaminated with
initial concentrations of roughly 0.05, 0.10 and 0.15 mol of
leucinertotal mol total amino acids. The solutions were pre-
pared at 65�C, cooled at a fixed rate to 25�C, and were held
at that temperature for a 24 h period prior to sampling.

The effect of solvent composition is shown in Figure 6,
Ž .which plots the impurity leucine content of the recovered

crystals as a function of the final impurity content of the
mother liquor. The solutions tested included calcium chlo-
ride in water with �r2s1.6, ammonium sulfate in water with
�r2s1.6, 20 mol % ethylene glycol in water, and calcium
chloride with �r2s3.1 in a 20 mol % DMSO in water solu-
tion. The effect of the solvent on resulting crystal purity qual-
itatively follows what is predicted from the hypothesis; as the
solubility of the impurity relative to the primary species in-

Ž .creases because of a change in the solvent , the purity of the

resulting crystals increases. This is most apparent for the sol-
vent giving the largest change in the relative solubility:
namely, the aqueous CaCl solution containing 20 mol %2
DMSO.

To Sum Up
Prediction of the purity of crystals recovered from mother

liquors containing small concentrations of nearly isomorphic
impurities is difficult. The present work has shown that the
solvent plays a significant role in determining crystal purity.
Furthermore, a basis for adjusting the solvent composition to
enhance crystal purity has been identified. Specifically, it has
been shown that the ratio of the pure-component solubility

w xof the impurity imp � to the pure-component solubility of the
w xproduct species prod � is a key variable.

This behavior can be expressed in the following terms: de-
fine the mol fraction of the impurity in the recovered crystals
as y and the mol fraction of the impurity in the finalimp
mother liquor as x . If it is now assumed that the crystalsimp
and the final mother liquor are in equilibrium, a distribution
coefficient may be defined as

y sK x 3Ž .imp imp imp

K is the distribution coefficient for the impurity in theimp
solvent-crystal system, and it has been shown to depend upon
the pure-component solubilities of the system species.

w ximp �
K s f 4Ž .imp ž /w xprod �

The solubilities of both isoleucine and leucine were mea-
sured in different aqueous solutions of electrolytes and co-
solvents. However, few solution additives were capable of

w x w xsubstantially changing the ILE �rLEU � solubility ratio.
Based on considerations of polarity and dielectric properties,
dimethyl sulfoxide was identified as an effective cosolvent in
modifying the solubility ratio. However, DMSO also substan-
tially reduced the absolute solubility of the two amino acids.
The observed salting-in behavior of calcium chloride was
therefore exploited to enhance the absolute amino acid solu-
bilities in aqueous DMSO solutions while sustaining the re-
duction in solubility. Isoleucine crystals obtained by cooling
solutions of isoleucine and leucine in aqueous DMSO and
CaCl showed dramatic improvements in crystal purity. The2
present work therefore establishes a direct link between the

Ž .relative solubility ratio primary solute to impurity and the
resultant crystal purity.
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