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Abstract
Micronization processes involving supercritical carbon dioxide are rapid methods to produce fine particles. They also might offer the
possibility of using less organic solvent than conventional crystallization methods leading to an environmentally friendlier processing.
The separation capabilities of such processes are now demonstrated on the diastereomeric resolution of mandelic acid using
(R)-1-phenylethanamine as a resolving agent, utilizing the batch type gas antisolvent fractionation as the separation method. A detailed
study was conducted on the effects of the operational parameters pressure (12-20 MPa), temperature (35-55 °C) and co-solvent
concentration (33-99 mg/ml). At 12 MPa, 35 °C and 99 mg/ml methanol concentration, a selectivity of 0.52 and a diastereomeric
excess of 62% was reached. The same operational parameters were applied during the investigation of the recrystallization-based
further purification of the diastereomeric salts, applying the resolving agent in molar equivalent quantity to a non-racemic mixture
of mandelic acid. It has been found that the more stable (R)-1-phenylethylammonium-(R)-mandelate salt can be purified to de>98%
through four additional recrystallization steps following the initial, half-molar equivalent resolution step.
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1 Introduction
Separation techniques involved in almost every chemical
manufacturing process are often solvent- and energy-intensive. For example, traditional crystallization (or recrystallization) processes often use large amounts of organic
solvents, while having the product contaminated by traces
of the mother liquor is still a problem to be addressed these
days. The use of supercritical carbon dioxide in separation
processes such as extraction can result in products of very
high purity. However, the higher cost and safety requirements of such unit operations make their use typically
only reasonable in case of products with a higher added
value. [1] Similarly, antisolvent processes carried out using
supercritical carbon dioxide are not yet widely applied in
the industry, but they are intensively researched crystallization methods offering solvent-free, highly crystalline
products in the (maximum) micrometer particle size range
or even micronized composites having special properties.
[2–5] The possibility to decrease the amount of the organic
solvents used makes them environmentally friendly.

In the batch type gas antisolvent precipitation process a
nearly saturated solution of the target compound is filled
into an autoclave (Fig. 1 a) and pressurized with supercritical carbon dioxide. The organic solvent is chosen to
be polar enough to dissolve the material to be precipitated
but also to be able to form a homogenous phase mixture
with supercritical carbon dioxide. During the formation of
the above-mentioned mixture, the polarity of the solvent
drops significantly thus the solubility of polar components
is sharply decreased too. These effects allow the dissolved
material to form solid (mostly highly crystalline) particles (Fig. 1 b). However, the organic solvent is still present
in the high-pressure precipitation vessel, so an extractive
washing step has to be applied using pure supercritical
carbon dioxide (Fig. 1 c). After depressurization a visibly
dry, powderous product can be collected (Fig. 1 d) having
an excellent purity. Antisolvent processes (mostly scaled
up variants like the semi-continuous supercritical antisolvent precipitation) allow controlling the main particle size
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Fig. 1 A stepwise, schematic explanation of the gas antisolvent
fractionation process a) The organic solution of the compound to be
precipitated is filled into the high-pressure vessel. b) Supercritical
carbon dioxide is added, precipitation happens due to the polarity
change of the solvent mixture. c) The undesired components and the
organic solvent are extracted using pure supercritical carbon dioxide.

and achieving a very narrow particle size distribution. [2]
Operational parameters (i.e. pressure (p [MPa]), temperature (T [°C]) and organic solvent concentration (cs [mg/
ml]) can be set to keep a certain fraction of a multi-component starting mixture dissolved in the organic solvent-carbon dioxide mixture and to be later extracted by the carbon dioxide stream. The general effects of the mentioned
parameters on the solubility of other compounds in supercritical carbon dioxide are available in the literature. [6]
When besides precipitation it is also important to
achieve selective separation, the technique is called gas
antisolvent fractionation (GASF) (but other names can
also be found in the literature like for example gas antisolvent extraction [7–9] etc.) and can be used as a simultaneous fractionation and micronization method.
Chiral compounds, the enantiomers of which often
exhibit very different biological effects, are extensively
used in various sectors of the chemical industry. The
production of enantiomerically pure chemicals is still
an intensively researched area. There are only very few
methods yielding enantiopure compounds in one single
step (e.g. highly selective asymmetric syntheses), thus
it is necessary to find new ways of producing optically
active compounds and to purify the non-racemic mixtures obtained in for example moderately stereoselective
syntheses. A traditional yet still often applied method of
enantiomeric separation is diastereomeric resolution. In
case of chiral carboxylic acids and bases an appropriate resolving agent of the opposite chemical character is
added and the forming diastereomeric salts can be separated by crystallization. It is well known that the application of half molar equivalent of resolving agent is the most
efficient way to resolve racemates, while the recrystallization of the forming diastereomers is a straightforward
procedure of diastereomeric further purification. [10, 11]
It was discovered that the maximum optical purity that

can be reached in a single resolution step correlates to the
melting point eutectic composition of the racemate or the
resolving agent, depending on which one is higher. [12] A
limit corresponding to the melting point eutectic composition was also found in the recrystallization-based further purification of enantiomeric mixtures under atmospheric conditions. [11]
Certain types of supercritical carbon dioxide-involving processes for optical resolution have already been
published. Supercritical carbon dioxide can be used as an
extraction solvent [13–16], a reaction medium [17] or an
antisolvent [18–20] as well. 98% or higher enantiomeric
excess values were achieved in certain cases only. [20–22]
However, there is only limited information available on
the applicability of antisolvent processes for the further
purification by the antisolvent recrystallization of diastereomeric mixtures. [20, 23]
Mandelic acid is often used as a model molecule in
investigations targeting chiral separation. [24–28] It is a
frequently applied resolving agent itself. The diastereomeric salt of mandelic acid and (R)-1-phenylethanamine
has already been the subject of resolution experiments
with gas antisolvent precipitation from a dimethyl-sulphoxide – ethyl-acetate mixture, by half-equivalent, equivalent methods as well and by in situ salt formation too.
In a system very similar to that presented above, Martín
and Cocero achieved selectivity values ranging between
0.21 and 0.46 while the highest de achieved was 52%. The
results of Martín and Cocero were recalculated based on
the total mass and component balance equations to match
our calculation methods. In the cited paper effects of operational parameters were slightly addressed, and no further
purification was performed. [19]
Our aim is to show the effects of the operational
parameters (i.e. pressure (p [MPa]), temperature (T [°C])
and organic solvent concentration (cs [mg/ml]) in depth
on the optical resolution of mandelic acid with (R)-1phenylethanamine carried out using GASF as a separation
method. Furthermore, the possibility of the further purification of the diastereomeric mixture is presented as well
without liberating the acid from the diastereomeric salt,
only by recrystallizing the latter.
2 Materials and Methods
2.1 Materials
Racemic mandelic acid (CAS 90-64-2; purity >99%) and
both enantiopure (R)-(–)-mandelic acid (CAS 611-71-2;
purity >99%) and (S)-mandelic acid (CAS 17199-29-0;
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purity >99%) were purchased from Sigma-Aldrich. (R)-1Phenylethanamine (CAS 3886-69-9, purity >99%) was
purchased from Merck. Carbon dioxide (purity >99.9%)
used as an antisolvent was bought from Linde Gas
Hungary and was used freshly distilled in our experiments. Methanol used both as an organic solvent to dissolve initial samples and as a trapping solvent was bought
from Merck (purity >99.9%). Ethyl-acetate (purity
>99.5%) was purchased from Merck, while dimethyl-sulphoxide (purity >99.9%) was obtained from Molar
Chemicals.
2.2 General description of the GASF experiments
GASF experiments were carried out in a laboratory scale
(37 ml) autoclave (Fig. 2). First, 100 mg of the enantiomeric mixture of mandelic acid was measured into a
glass vial. This was either racemic, or a scalemic mixture of a desired ee, produced by mixing racemic and
enantiomeric mandelic acid physically. Then enantiomerically pure (R)-1-phenylethanamine was added. Half
molar equivalent of the (R)-amine (39.8 mg) was used in
the experiments aiming the investigation of the influence
of the operational parameters and a molar equivalent of
the enantiopure amine (79.6 mg) was used in the further
purification studies. Then, the mixture was dissolved in
methanol and the homogenous solution was filled into the
tempered laboratory autoclave. The quantity of methanol used was determined by mass in order to calculate
its concentration in the autoclave. After assembling the
high-pressure reactor it was filled with supercritical carbon dioxide to reach the desired pressure. The tempered
syringe pump used to pressurize the reactor allowed us to
determine the quantity of CO2 filled into the high pressure
vessel. Pressurization was followed by 1-hour-long stirring and equilibration. Afterwards the reactor was washed
with pure carbon dioxide, using a total volume of CO2
corresponding to approx. 3 times the volume of the reactor. In this step both the organic solvent and the dissolved
components (mandelic acid and/or salt) were extracted
and collected in a solvent trap. Solid particles were kept
from being dragged out by a filter. After depressurization, a visibly crystalline, white material was collected
from the reactor, which is referred to as the raffinate. The
extract was collected by evaporation of the solvent from
the trap. Starting materials and products were analyzed
using chiral capillary electrophoresis, powder X-ray diffraction and scanning electron microscopy.

1. 2.

8.

7.

10.
9.

3. 4.
5.

6. 11.

Fig. 2 A non-proportional, schematic depiction of the laboratory
autoclave. 1. Teledyne ISCO 260D syringe pump; 2. Regulator valve
of carbon dioxide inlet; 3. Tubing towards the bottom of the reactor
serving a more thorough mixing; 4. Magnetic stirrer; 5. Magnetic
motor; 6. Thermosetting jacket operating with water; 7. Pressure
transducer and digital manometer; 8. Thermocouple; 9. Metallic filter
(2 μm pore diameter); 10. Regulator valve of the outlet stream;
11. Solvent trap filled with methanol

2.3 Capillary electrophoresis measurements
Chiral capillary electrophoresis measurements were carried out to determine the diastereomeric (enantiomeric)
composition of the products. The composition of initial
enantiomeric mixtures of the further purification experiments was also confirmed. Measurements were carried
out on an Agilent 7100 electropherometer fitted with a
50 cm long polyimide-covered uncoated silica capillary
and a DAD detector, at 25 °C and with 20 kV applied to the
column. pH 9 was ensured using a 50 mM borate buffer.
Peaks were detected at 200 nm and a reference wavelength
of 320 nm was used. The chiral selector added to the buffer was 6-monodeoxy-6-monoamino-beta-cyclodextrin
hydrochloride, a product of Cyclolab Ltd.
2.4 Powder X-ray diffraction and scanning electron
microscopy
Powder X-ray diffraction investigations were done on a
PANalytical X'pert Pro diffractometer. It is equipped with
an X'celerator detector. The wavelength of the X-ray was
1.5408 Å (Cu Kα) and 40 kV and 30 mA were applied
to the X-ray tube. Scanning was performed between the
2Θ angles of 4 and 46°, with a total scanning time of
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10 minutes. The results of the powder X-ray diffraction
measurements are discussed in the supplement.
Scanning electron microscopy investigations were carried out on a JEOL JSM 5500-LV electron microscope,
using a secondary electron detector, and applying 20 kV
accelerating voltage, in order to estimate the range of the
particle size. Sample images can be found in the supplement. In order to make the surface of the samples conductive, an approximately 10 nm thick Au-Pd coating was
applied.
2.5 Evaluation and calculation methods
Crystalline (i.e. raffinate) samples were characterized by
their diastereomeric composition and their quantity. The
diastereomeric purity can be described with Eq. (1).
der = eeacid =

AR − As 				
AR + As

(1)

The salts of mandelic acid and 1-phenylethanamine dissociate under the conditions of the capillary electrophoresis measurements, thus the acid and the base are detected
separately. Therefore the diastereomeric excess (de) value
of the products equals the average enantiomeric excess
of the acid found in the sample. In Eq. (1) A denotes the
peak areas of the enantiomers, while indices R and S stand
for the enantiomers of mandelic acid. The peak area of
1-phenylethanamine is not used in the calculation.
Raffinate yields (Yr ) were calculated using Eq. (2).
Yr =

				
mr
(2)
mb + MR ⋅ ma

MR stands for the molar ratio between the base (resolving
agent) and the acid, m denotes mass, while indices r, b and
a stand for “raffinate”, “base” and “acid” respectively. In
the denominator of the equation the maximal mass of the
raffinate is calculated assuming a 100% conversion of the
salt-forming reaction. Thus, during the calculation of the
theoretical maximum of the raffinate mass, the diastereomeric salts are both assumed insoluble in the carbon dioxide-organic solvent mixture while the acid remaining free
is assumed to be completely extracted. Obviously neither
of these assumptions can be true (e.g. the <100% yields of
further purification experiments) but this equation gives
a standardized and well comparable reference in case of
both half molar equivalent resolution experiments and further purification studies. It must be noted however, that the
two types of experiments cannot be compared based on
their yields calculated using Eq. (2).

By multiplying the two quantities defined above we get
the selectivity (Sr ; Eq. (3)), a value characterizing the resolution efficiency, applicable in case of experiments starting from a racemate.
S r = Yr ⋅ der 					 (3)
A similar value used in case of further purification
experiments is the efficiency of diastereomeric enrichment (EDE; Eq. (4)). In the denominator dei denotes
the diastereomeric excess of the initial sample before
recrystallization.
de 					
EDE = Yr ⋅ r
(4)
dei
3 Results and Discussion
The aim of our research work was to conduct experiments
throughout the whole chiral resolution process, starting
with racemic mandelic acid and ending with discussing
a new method of producing its enantiopure form applying
GASF as the separation method. This involves performing chiral resolution of mandelic acid using the resolving
agent (R)-1-phenylethanamine in half molar equivalent
quantity, then studying the possibility of further purification applying the resolving agent in molar equivalent
quantity (Fig. 3). Starting from non-racemic mandelic
acid, the latter simulates the recrystallization of diastereomeric salts obtained from an initial resolution.
Sadly we could not reproduce the results of Martín and
Cocero [19] because of some differences in the equipments used in the two laboratories. Namely, the autoclave
described in the cited article has its filter attached at the
bottom, allowing to drive out the residue of the organic
solvent even if there are an expanded organic solvent and a
fluid phase as well above the precipitate. Our autoclave has
the filter attached to the top which makes it necessary to
form a homogenous, single fluid phase over the precipitate
in order to extract the organic solvent. Thus, experiments
were conducted using a different solvent (methanol).
3.1 Resolution of racemic mandelic acid
Parametric optimization was carried out in the ranges of
pressure (p; 12-20 MPa), temperature (T; 35-55 °C) and
organic solvent concentration (cs ; 33-99 mg/ml) provided
by the experimental equipment. A 23 full factorial experimental design was carried out to describe the parametric
effects and choose an appropriate combination of them for
the further purification of the diastereomeric salts (Table 1).
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Fig. 3 The reaction scheme of the resolution carried out with half molar
equivalent resolving agent and that of the later recrystallization of the
diastereomeric salt
Table 1 A list of the half-molar equivalent resolution experiments
carried out during the parametric optimization. *The experiment
resulted in a wet raffinate and no chiral discrimination.
p
[MPa]

T
[°C]

cs
[mg/ml]

Yr
[%]

der
[%]

Sr
[−]

Original 23 experimental design
16

45

66

79.2

60.0

0.48

16

45

66

75.8

58.2

0.44

16

45

66

79.0

59.6

0.47

12

35

33

95.0

42.0

0.40

12

35

99

82.7

62.4

0.52

*12

55

33

119.4

11.2

0.13

*12

55

99

109.7

0.4

0.004

20

35

33

93.9

48.0

0.45

20

35

99

71.4

66.8

0.48

20

55

33

100.7

48.0

0.48

20

55

99

48.7

64.2

0.31

Additional experiments
12

37

99

57.9

63.2

0.37

12

40

99

57.9

57.4

0.33

*12

45

99

117.0

0.2

0.002

Three repetitions were performed in the centrum (at
16 MPa, 45 °C and 66 mg/ml methanol concentration).
In optical resolution processes it is mostly the crystalline
product that is collected and purified, so we also focused
on the properties of the raffinate (i.e. yield, diastereomeric
purity and selectivity). Results were evaluated using the
software Statistica (version 13.0).
At 12 MPa and 55 °C (at both solvent concentrations),
the crystalline product was visibly wet after the standardized washing step and showed no chiral discrimination.
To determine the highest temperature that can be used at

12 MPa, three additional experiments were carried out at
12 MPa and 99 mg/ml methanol concentration (Table 1).
The der values obtained at 12 MPa and 99 mg/ml methanol concentration are plotted against the temperature in
Fig. 4. Between 35 °C and 40 °C, a slight decrease can
be observed in the der, while at 45 °C and 55 °C the raffinate showed no diastereomeric excess, implying a limit
in the application of the functions obtained with regression above 40 °C. At higher temperatures the raffinate also
seemed to contain some of the initial solvent.
This is likely to be the effect of the fluid phase over the
precipitate being non-homogeneous. The reason is supposedly the increased critical pressure of the multicomponent mixture compared to the methanol – CO2 binary mixture having a critical pressure estimated in the range 9.5
to 11 MPa at the temperature range of the current study.
[29, 30] If there are three phases, the extraction cannot be
carried out effectively.
The statistical evaluation also confirmed our suspicion
as the measurement points at 12 MPa and 55 °C showed
a critical (irregular) behavior. The response function contains discontinuity. The continuous part which contains
the remaining points and the additional experiments in
Table 1 is to be described using a regression method, as
the advantageous properties of usual designs are not applicable. The detailed description of the regression method is
presented in the supplement.
The surface fitted to the diastereomeric excess of the
raffinates (der ) is shown in Fig. 5.
The fitted surface suggests that an increase in pressure
results a slight increase in the diastereomeric excess of the
crystalline product, while the organic solvent concentration has an optimum value between 90 and 99 mg/ml.
The experiment resulting in the highest raffinate de
(66%) was conducted at 20 MPa, 35 °C and 99 mg/ml of
methanol concentration, but a slightly higher selectivity
(0.52) was achieved at 12 MPa, 35 °C and 99 mg/ml despite
the lower diastereomeric excess (62%) due to the higher
yield (83%). According to the SEM images presented in the
supplement, the raffinate obtained at 12 MPa, 35 °C and
99 mg/ml methanol concentration contained sheet-like crystals with widths ranging from 2 µm to 25 µm and lengths
between approximately 20 µm and 140 µm. Although the
further purification of the diastereomeric salt could be best
observable using the parameters resulting in the highest
purity, from a technological point of view it could be beneficial to apply milder conditions because of the lower risk
of high pressure and the lower CO2 consumption.
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Fig. 4 The effect of temperature on the diastereomeric excess at 12 MPa
and 99 mg/ml solvent concentration
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The purification results are presented in Fig. 6. Five repetitions were carried out with an initial diastereomeric excess
of 0. The margin of error represents the standard deviation
of these measurements. The dashed curve is not the result
of a mathematical fitting, it is just a guide for the eye.
The diagram demonstrates that the more stable
(R)-phenylethylammonium-(R)-mandelate salt can be purified using GASF as a method of recrystallization. The diagram can be used in a similar way to equilibrium curves in
distillation: by constructing steps from the initial composition towards the aimed one, it is possible to estimate the
number of recrystallization processes needed. However, it
is important to notice that in this case, the compositions of
initial materials and actual products are shown in the diagram and not the compositions of phases in equilibrium.
The steps constructed in the diagram of Fig. 6 (dotted line)
show a purification process initiated by a resolution step
using half molar equivalent of the resolving agent.
The efficiency of diastereomeric enrichment (EDE;
Eq. (4)) describes the further purification both in terms of
yield and purification rate: the higher, the better. Fig. 7 shows
a minimum between 20 and 80% initial de. At de0=20%, the
ratio of the diastereomeric excesses is large, while at 80%
the high yield is what causes the high EDE values. The high
yield can be explained by the larger amount of the more
stable (less soluble) salt in the initial mixture.
100

Fig. 5 The diastereomeric excess of the raffinates plotted against the
organic solvent concentration and pressure at 40 °C

80
60
40
20
de1 [%]

A comparison can be made with the experiments of
Martín and Cocero [19] to the results presented in this
paper. Although the raffinate yields of our experiments
fall back compared to those mentioned in the cited paper,
the higher der values are responsible for the often higher
selectivity results. Besides the more efficient and selective
extraction step, methanol is more convenient to use than
the mixture of ethyl-acetate and DMSO.

0
-20
-40
-60
-80

3.2 Purification of the obtained diastereomeric
mixtures
As it is not possible to achieve an enantiopure product in
a single resolution step, purification of the obtained diastereomeric salts is necessary. Results of recrystallization by the GASF method were investigated in detail at
12 MPa, 35 °C, and 99 mg/ml methanol concentration
and salts of different initial diastereomeric excess values.

-100

-100

RS-salt

-80
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B

Fig. 6 Diastereomeric enrichment (initial de – raffinate de) diagram of
the 1-phenylethylammonium-mandelate salts. A) Further purification
results by GASF; B) Best resolution result using half molar equivalent
of (R)-1-phenylethylamine
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4 Conclusions
Gas antisolvent fractionation is demonstrated to be an
effective method of both chiral resolution and recrystallization-based enrichment of diastereomeric mixtures. The
effects of the operational parameters (pressure, temperature, organic solvent concentration) have been studied
using the mandelic acid (R)-1-phenylethanamine system.
Using half molar equivalent of the resolving agent, dissolved mandelic acid was separated from the diastereomeric salt of low solubility, resulting in a selectivity value
of approx. 0.52 (at 12 MPa, 35 °C and 99 mg/ml methanol concentration). Recrystallization-based diastereomeric enrichment was carried out. In this case, separation
is based on the different solubility of the diastereomeric
salts. The recorded product de – initial de diagram allows
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