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ABSTRACT: A supercritical antisolvent precipitation process was applied to recrystallize vitamin B6 from ethanol solution in CO2.
By means of the Peng�Robinson equation of state (PR EoS), we performed preliminary studies to identify better operative
conditions in terms of the organic solvent, pressure, temperature, and ability to carry a precipitate of the solute. This simulation was
also considered to estimate the vitamin B6 particle size starting from supersaturation conditions.

’ INTRODUCTION

Vitamin B6 (3-hydroxy-4,5-bis(hydroxymethyl)2-methylpyridine),
also named pyridoxine, is one of eight water-soluble B vitamins.
The B vitamins help the body to convert carbohydrates into
glucose, which is burned to produce energy. These vitamins are
often referred to as the B complex and are essential in the
metabolism of fats and protein. B complex vitamins play an
important role in maintaining muscle tone in the gastrointestinal
tract and promoting the health of the nervous system, skin, hair,
eyes, mouth, and liver. Pyridoxine is an important vitamin for
maintaining healthy nerve and muscle cells, and it aids in the
production of DNA and RNA. Vitamin B6 is necessary for proper
absorption of vitamin B12 and for the production of red blood
cells and cells of the immune system.1

The modification of vitamin B6 morphology to influence its
absorption and dissolution is of interest since it can determine
the variation of the suggested quantity per diem to be assumed.
Recently2 the vitamin was incorporated with montmorillonite to
modify its release.

This work concerns the mechanism of antisolvent precipita-
tion (or crystallization) using supercritical carbon dioxide
(SCO2). Themajor advantage of SCO2 is that it can be efficiently
separated, by decompression, from both organic cosolvents and
solid products, making the single step process easier, but the low
solubility of the majority of polar and ionic drug in CO2 limits its
use as pure solvent media. Alternative approaches to solve this
problem are proposed by combining CO2 with an organic
solvent characterized by solvating properties. The expansion
degree of the organic solvent modulated by the CO2 content
in the mixture offers different opportunities for the development
of a suitable methodology for the processing of the materials,
such as precipitation (DELOS, GAS, and SAS).3�5

In particular, supercritical fluid (SCF) process operating
parameters can be adjusted to vary supersaturation and condi-
tions for nucleation and crystal growth across a wide range.

Antisolvent precipitation processes can be successfully applied
for the modification of the morphology of drugs or for the
preparation of composites with pertinent release properties.3

In this paper preliminary results are reported for the choice of
the appropriate experimental conditions for the supercritical
antisolvent precipitation of vitamin B6. Particular attention is

also given to the mechanism of crystallization by means of the
screw dislocation equation.

’EXPERIMENTAL SECTION

Materials andMethods.The vitamin B6 (purityg 0.98molar
fraction) was purchased from Sigma Aldrich (Italy). All of the
organic solvents (tetrahydrofuran, THF; acetone; ethanol, EtOH
and methanol, MeOH) were of analytical grade and were

Table 1. Experimental Mole Fraction Solubilities x of Vita-
min B6 in the Considered Organic Solvents at Temperature T
and Pressure P = 0.1 MPaa

solvent T/K 102 x

acetone 298 0.127

308 0.131

310 0.135

313 0.136

methanol 298 1.585

308 2.447

310 2.468

313 2.517

ethanol 298 0.363

308 0.380

310 0.384

313 0.396

THF 298 0.240

308 0.249

310 0.253

313 0.271

a Standard uncertainties u are u(T) = 0.1 K, u(P) = 0.05, u(x) = 0.03.
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provided by J.T. Baker (Netherlands). The CO2 (purity 0.99
molar fraction) was supplied by SIAD (Italy).
Determination of Vitamin Solubility in Organic Solvents.

Vitamin B6 solubility (Table 1) in the considered organic
solvents was measured at 298 K, 308 K, 310 K, and 313 K. A
weighed amount of the drugwas added to 10mL of solvent under
stirring until turbidity was observed. After one hour, the solutions
were then filtered, and 1 μL of each one was diluted in the
selected solvent. The concentration is then evaluated spectro-
photometrically (Thermo Scientific Evolution 60 S, USA). Each
experiment was carried out in triplicate (coefficient of variation
(CV < 3 %) as reported from Kikic et al.6

Differential Scanning Calorimetry (DSC). The melting tem-
perature (Tfus) and enthalpy of fusion (ΔfusH(Tfus)) were
measured by means of DSC mod. TA 4000 (Mettler, Greifensee,
Switzerland), equipped with a measuring cell DSC 20. A fixed
amount of vitamin B6 (1 mg) was placed in a pierced aluminum
crucible and heated at a scanning rate of 5 K 3min�1 from (303 to
470) K under air atmosphere. The equipment was calibrated
using indium as a standard. Each experiment was carried out in
triplicate.
Vitamin Precipitation. The detailed experimental equipment

used in the antisolvent precipitation experiments has been
already presented by Kikic et al.7 A precipitation vessel with a
capacity of 50 mL was loaded with a 7 mL solution of vitamin B6
in the organic solvent. The supercritical CO2 was added from the
bottom of the chamber, and when the liquid phase expanded, the
formed particles were retained in the vessel by a suitable filter.
During the coprecipitate formation, the temperature was fixed at
298 K and 313 K and the pressure was set at 5.5 MPa and
7.2MPa, respectively. Precipitation experiments were carried out
in triplicate.
Solubility Calculations. The knowledge of the vitamin B6

solubility as a function of the solvent and antisolvent composi-
tion is essential to establish the correct experimental conditions
for the antisolvent precipitation process. The phase equilibrium
of pure solid (component 3) in a solution of composition x3 can
be described by the following equilibrium equation:

f S3 ðT, PÞ ¼ x3 3 ĵ
L
3 3 P ð1Þ

where ĵ3
L is the fugacity coefficient of the solute in the solution

(pure liquid solvent or liquid solvent plus CO2 antisolvent) and P
is the pressure of the system (5.5 MPa and 7.2 MPa).
The fugacity coefficient of the pure solid, f3

S(T,P), can be
calculated from that of the pure liquid f3

S(T,P) as reported by
ref 8.

The melting point and heat of fusion were determined by a
differential scanning calorimeter, while molar solid and liquid
volumes (v3

S, v3
L) were calculated by crystal unit cell data and

Girolami's method,9 respectively.
The study applied the Peng�Robinson equation of state (PR

EoS) that was used for the calculation of the fugacity coefficient
in the solution ĵ3

L with the classical van der Waals mixing rules. a
and b are energetic and volumetric parameters containing two
binary interaction parameters: kij for the attractive term and lij for
the repulsive term.
Pure component properties used in the equation of state are

reported in Table 2. The critical properties such as critical

Table 2. Pure Component Properties

Mw Tc Pc Tfus ΔfusH(Tfus) Vs Vl

compound g 3mol
�1 K MPa ω K kJ 3mol�1 cm3

3mol�1 cm3
3mol�1

vitamin B6 169.18 714.5a 3.83a 1.71a 433.18 ( 0.2b 31.15 ( 0.5b 142.06c 175d

CO2 44.01 304.1 7.38 0.24

acetone 58.08 508.1 4.70 0.30

methanol 32.04 512.58 8.10 0.56

ethanol 44.06 516.15 6.37 0.64

THF 72.11 540.20 5.19 0.24
aCalculated with the procedure described in ref 7 (Lydersen's group contribution method). bThis work (DSC experimental data). cCalculated from the
volume of the crystal cell. dCalculated with Girolami's method.9

Table 3. Binary Interaction Parameters Calculated by the PR
EoS

system T/K 102 kij 102 lij ref

CO2

THF 298 0.70 0.07 12

313 0.08 0.19 12

acetone 298 2.05 1.42 13

313 2.14 2.93 13

EtOH 298 6.45 3.17 13

313 8.62 �0.39 13

MeOH 298 7.33 2.92 14

313 7.78 1.59 14

Vitamin B6

CO2 �0.07 this work

THF 298 �0.28 this work

308 1.15 this work

310 1.42 this work

313 1.71 this work

acetone 298 �0.014 this work

308 1.54 this work

310 1.80 this work

313 2.31 this work

MeOH 298 0.32 this work

308 0.28 this work

310 0.45 this work

313 1.71 this work

EtOH 298 2.55 this work

308 3.57 this work

310 3.79 this work

313 4.08 this work



4980 dx.doi.org/10.1021/je200853g |J. Chem. Eng. Data 2011, 56, 4978–4983

Journal of Chemical & Engineering Data ARTICLE

temperature (Tc), critical pressure (Pc), and the acentric factor
(ω) of the organic solvents and carbon dioxide are from ref 10.
For vitamin B6 the procedure and the method described in ref 7
were used for the evaluation of critical properties and acentric
factor. Only one binary parameter kijwas used for the correlation
of the binary solubility of vitamin B6 in the different organic
solvents. The same mixing rule was also applied for the binary
system vitamin B6�CO2: in this case the numerical value of kij
was calculated by fitting the values of fugacity coefficients at
infinite dilution of carbon dioxide in the vitamin reported in ref
11. In the case of the binary systems CO2�organic solvent, vapor
liquid equilibrium data were used for the calculation of the two
binary interaction parameters kij and lij.
Table 3 reports the numerical values of the binary interaction

parameters for the different binary systems necessary to predict
the vitamin B6 behaviors in the ternary systems.
Particle Size Measurement. Macroscopic particle size dis-

tributions of samples were determined by means of digital image
acquisition. Small amounts of each sample were uniformly
dispersed on top of glass slide examining at least 500 particles.
Acquired pictures were processed with the image analysis
program ImageJ.15 The particle dimension of each sample was
determined as length and width (mm).
Particle Size Estimation. According to Bristow et al.,16 the

supersaturation is the driving force of the precipitation process,
and it is defined as the difference between the real concentration
Cv and the equilibrium one C0 at a given pressure and tempera-
ture. The supersaturation is proportional to the correspondent
fugacity coefficient:

S ¼ ln
jðT, PÞCv

j0ðT, PÞC0
ð2Þ

For low concentrations and a nonvolatile solute, the fugacity
effects can be neglected:

S ¼ ln
Cv

C0
ð3Þ

C0 ¼ m expðn 3CsolvÞ ð4Þ
where m and n are determined by fitting the precipitation curve
from the above solubility simulation andCsolv is themolar ratio of
the solvent.
The most important phenomenon affecting the particle size is

the primary nucleation mechanism that is promoted at high
supersaturation conditions. Nucleation determines both the total
number of particles and the final particle size. In the homo-
geneous one-phase solvent system, the well-known dependency
of nucleation rate, J, on supersaturation, S, is:

ln
J

Jmax
¼ AS�2 ð5Þ

Figure 1. Vitamin B6 solubility behaviors in ternary systems with THF�CO2 (a), acetone�CO2 (b), EtOH�CO2 (c), and MeOH�CO2 (d). The
dashed line refers to the systems at temperature T = 298 K and pressure P = 5.5MPa. The dotted line refers to the systems atT = 313 K and P = 7.2MPa.
The solid lines refer to ideal dilution evolution at T = 313 K (upper) and T = 298 K (lower).

Table 4. Simulated Yield of Vitamin B6 Precipitation from
Ternary Systems

vitamin B6 ternary system with: T/K P/MPa yield % precipitation/mg

THF�CO2 298 5.5 54.8 2.72

313 7.2 35.7 2.09

acetone�CO2 298 5.5 34.1 1.03

313 7.2 19.4 0.62

EtOH�CO2 298 5.5 20.8 2.26

313 7.2 22.1 2.66

MeOH�CO2 298 5.5 38.1 28.3

313 7.2 34.8 27.6
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where Jmax is the pre-exponential nucleation constant and for
spherical nuclei the parameter A is:

A ¼ 16πγ3Vsvl
2

3kB
3T3

ð6Þ

where γ is the nucleus specific free surface energy and kB is the
Boltzmann constant.
The crystal growth rate (in the two axes), dRi/dt, is described

as the screw dislocation equation17

gt ¼ dRi

dt
¼ Dt

S2

Si

 !
tanh

Si
S

� �
ð7Þ

whereRi is the change in crystal sizeDi is a growth constant that is
different for each of the axis of the vitamin B6 crystal (i = 1, 2,
which indicate the major and minor axes, respectively) and that
was determined by fitting the experimental particle size data. Si is
the supersaturation value for which the growth rate dependency
switches from first to second order. The theory predicts the
particle growth (i.e., dR/dt � S2) when S , Si (low super-
saturation conditions) and when a linear dependence occurs
(i.e., (dR/dt) � S) in a S , Si situation.

17

’RESULTS AND DISCUSSION

Antisolvent Precipitation.Vitamin B6 is in the class of water-
soluble vitamins. As a consequence, it is expected that the
solubility in SCO2 is low, and it was effectively impossible to
measure with the normal experimental methods. From the failure
of these measurements it is possible to argue that the solubility
must be lower than 10�7 mole fraction. The only information on
the thermodynamic properties for the binary system vitamin
B6�carbon dioxide are the fugacity coefficients at infinite dilu-
tion of carbon dioxide in the vitamin determined at normal
pressure.11 For that reason the binary interaction parameter of
the PR EoS for the system was calculated by regression of
these data.
For the characterization of the binary systems of the vitamin

with the organic solvents the solubility of vitamin B6 in the
solvents was determined at different temperatures and correlated
with the PR EoS to obtain for every considered temperature the
kij interaction parameter between solute and organic solvent.

With these parameters the behavior of the different binary and
ternary systems can be predicted.
In this work, triphase phase equilibria have been calculated for

different liquid phase concentrations at values of temperature
and pressure close to the critical CO2 conditions. In fact, the
experiments to determine the equilibrium solubility of vitamin B6
organic solvent solution in CO2 were conducted at pressures of
5.5 MPa and 7.2 MPa and temperature of 298 K and 313 K,
respectively. The selected organic solvents were characterized by
different polarities, like tetrahydrofuran (THF), acetone, ethanol
(EtOH), and methanol (MeOH).
Figure 1 depicts the solubility curve simulations of vitamin B6

in the considered CO2-organic solvent mixtures. The ordinate
value c is:

c ¼ molV
molsolv þ molCO2

ð8Þ

and the abscise XCO2
is:

xCO2 ¼ molCO2

molsolv þ molCO2

ð9Þ

where molv are the moles of vitamin B6, molsolv are the moles of
organic solvents, and molCO2

are the moles of CO2.
An increase ofXCO2

provokes a continuous decrease of vitamin
B6 solubility from the saturation value in pure organic solvent, to
the saturation value in pure carbon dioxide. The addition of CO2

to saturated vitamin B6 solutions in the considered organic solvents
following the lines depicted in Figure 1, named as ideal dilution lines,
denotes theCO2 action. The curve over and under this line indicates
the CO2-cosolvent and -antisolvent behaviors, respectively.
From these simulations, the mixed actions of CO2 that entails

both cosolvent and antisolvent seem to be evident.
In all of the investigated ternary systems, except the ones with

ethanol, the increased temperature and pressure carry out an
enhancement of the CO2 cosolvent power.
In Table 4 the predicted yields and corresponding pondering

quantities of vitamin B6 precipitated from the ternary systems
are reported. The ternary system of vitamin B6�CO2�THF at
298 K and 5.5 MPa (Figure 1a) shows the greatest precipitation
yield (54.8 %), highlighting the higher THF affinity to CO2, but
considering the poor solubility of vitamin B6 in THF it is

Figure 2. Vitamin B6 before (a) and after (b) precipitation in ethanol solution at the temperature T = 313 K and pressure P = 7.2 MPa.
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transduced in a precipitate of 2.72 mg that can be compared
to the ethanol systems. The highest quantity of precipitate is
obtained with methanol.
In light of these simulations, precipitations of vitamin B6

were performed only with ethanol and methanol solutions, and
Figure 2 depicts the obtained results compared to the starting
material. For brevity only the recrystallized Vitamin B6 in
ethanol�CO2solution at 313 K and 7.2 MPa is reported.
Simulations of particle size dimension were conducted starting

from the equilibrium solubility (C0) of the vitamin B6 ternary
system with EtOH and MeOH and CO2 at 7.2 MPa and 313 K.
Supersaturation S has been calculated by fitting the solubility
curve obtained from the PR EoS.
Vitamin B6 crystal growth highlights, in both systems, an

anisotropic phenomenon in which the substance grows vertically,

in the time, along two axes, suggesting the formation of needle
crystals (Figure 3).
At the end of the precipitation (which coincides with the

plateau in Figure 3), these results agree with the experimental
measurement reported in Table 5, even if there is a certain
difference between the calculated and the experimental width.
The variation in crystal habit results from the modification of the
relative growth rates of crystal faces, which are governed by the
degree of supersaturation of the solution, density, and CO2 flow
rate. In general, it is known that, as supersaturation is increased,
the crystal form tends to change from granular to needle-like.18

There is a continuous increase of vitamin B6 concentration inside
the vessel until a critical concentration (supersaturation limit)
value is reached for nucleation. Nucleation does not occur until
the solute concentration exceeds its C0 value to a certain limit

Figure 3. Particle size increment along the two axes (gi) versus time of vitamin B6 with (a) ethanol�CO2 and (b)methanol�CO2 at 313 K and 7.2MPa.
The dotted lines depict the major axis. The dashed lines depict the minor axis.

Table 5. Vitamin B6 Particle Size Analysis Obtained at Temperature T = 313 K and Pressure P = 7.2 MPaa with CO2�EtOH (1)
and CO2�MeOH (2)

vitamin B6-(1) vitamin B6-(2)

expb calcc expb calcc

length/mm width/mm length/mm width/mm length/mm width/mm length/mm width/mm

3.95 ( 0.71 0.14 ( 0.07 4.31 0.54 5.43 ( 0.65 0.39 ( 0.09 5.95 0.81
a Standard uncertainties u are u(T) = 0.1 K, u(P) = 0.07. bExperimental value (mean ( SD, n = 500). cCalculated value by means of eq 7.
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dependent on the system. Moreover, in a solution where more
solute molecules are present, collisions are more frequent, and
nuclei of critical radius can be formed faster.
After the nucleation starts, the accumulating particles become

more significant, and the supersaturation inside the vessel in-
creases rapidly. As more particles are formed, the concentration
reaches a value close to the C0 value of 0.779 and 0.652 for EtOH
andMeOH systems, respectively, at 313 K and 7.23MPa (XCO2

),
and the growth and nucleation rates of the precipitated particles
inside the vessel ended. Therefore, monitoring the vitamin B6
concentration time response provides a useful indicator of the
particle formation mechanism inside the collector vessel.

’CONCLUSIONS

Phase equilibrium studies were performed to estimate better
operating conditions for the precipitation (GSAS) process. The
PR EoS was used to represent solute�solvent antisolvent
systems, and it was able to predict ternary behaviors using binary
interaction parameters. Moreover, the present EoS is a valid tool
to calculate, with the shown screw dislocation equation, the
solute crystal growth also along two axes. The supersaturation
ratio was directly related to the mean particle size, and it was used
to define the mixing conditions in the precipitator chamber and
the vitamin B6 yield in the considered ternary systems. The
mechanism of crystallization undergoes a transition across the
vitamin B6�CO2�ethanol and vitamin B6�CO2�methanol
ternary systems solubility curves and is expressed through
changes in the surface energy, size, morphology, and agglomera-
tion of the particles.
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