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1. Literature and Objectives 

My research work was conducted at the Budapest University of Technology and 

Economics, at the Department of Chemical and Environmental Process Engineering. Our 

research group deals with the investigations of supercritical fluid extraction (SFE) technology. 

My research topic was the separation of optically active enantiomers by SFE. 

Mirror image shaped optical isomers, called enantiomers, are of significant importance 

as given by their different behaviour in asymmetric systems. Enantiomers can be produced by 

isolation from the living nature, or can be synthesised via asymmetric reaction routes. The 

opposite enantiomers are often produced in 1 : 1 ratio, called racemic composition or 

racemate, moreover, they can not be separated via conventional chemical methods. To obtain 

enantiomerically pure product from a mixture of enantiomers, the so-called resolution offers 

an efficient way. The method was discovered by Pasteur, which is based on the 

transformation of the enantiomers into diastereomers using a resolving agent that is usually an 

enantiomerically pure compound. These diastereomers possess significantly different 

physical-chemical properties under asymmetric conditions. Up to now, several resolution 

techniques have been discovered and are currently under development.1,2 

The advantages of supercritical fluids (SCFs) are provided by the ease in the tuning of 

pressure (P) and temperature (T) of the media. Thus the density and the solvent power of a 

SCF can be varied in a wide range. Among SCFs, the supercritical carbon dioxide (scCO2) is 

a broadly used media to perform homogeneous or heterogeneous reactions, chromatographic 

separations, or used as solvent for crystallization or extraction operations.3,4  

The discovery and development of resolutions via supercritical fluid extraction was 

performed by the Departments of Chemical Engineering and Organic Chemical Technology 

at the BUTE. The technology can also be applied to resolutions via diastereomeric salt or 

complex formations. Apart from the influencing factors of traditional resolutions (molar ratio 

of resolving agent to the racemate, used organic solvent, time or temperature of resolution), 

the operational parameters (pressure, temperature) of the SFE can also favourably contribute 

to the efficacy of the enantiomer separation process. The role of structural similarity of 

interacting molecules is well known5, however, achiral molecules with structural 

resemblances to the chiral compounds can also influence the resolvability.  

                                                           
1  Jacques, J.; Collet, A.; Wilen, S.H. Enantiomers, Racemates and Resolutions, Wiley, New York, 1981. 
2 Kozma, D. CRC Handbook of Optical Resolutions Via Diastereomeric Salt Formation. CRC Press, Boca 

Raton, 2002. 
3 Afonso, C.A.M.; Crespo, J.G. Green Separation Processes. Fundamentals and Applications. Whiley-VCH 

Publisher, Weinheim, 2005. 
4  Daintree, L.S.; Kordikowski, A.; York, P. Adv. Drug Delivery Rev. 2008, 60, 351. 
5  Dalmolen, J.; Tiemersma-Wegman, T.D.; Nieuwenhuijzen, J.W.; van der Sluis, M.; van Echten, E.; Vries, 

T.R.; Kaptein, B.; Broxterman, Q.B.; Kellog, R.M. Chem. Eur. J. 2005, 11, 5619. 
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The aim of my doctoral work was to widen the knowledge of resolutions performed by 

supercritical fluid extraction. I planned to study the influences of the parameters of sample 

preparation on the supercritical extraction step and the resolution efficiency. I aimed to 

investigate the affect of the achiral compound with structural similarity to the resolving agent 

on the resolution as well by altering the achiral compound : racemate molar ratio in the widest 

range. In my other experiments, I intended to find and establish new resolution methods via 

diastereomeric complex formation, using supercritical fluid extraction.  

 
2. Experimental and Calculation Methods 

The schematic drawing of the extraction unit is depicted in Figure 2.1. The carbon 

dioxide is fed from a buffer vessel into a pump and a heat exchanger to provide supercritical 

conditions. As the unreacted enantiomers of the racemate are dissolved from the extractor by 

scCO2, the pressure is reduced by a valve, and the dissolved material is precipitated in the 

separator unit. The CO2 exits through an atmospheric separator and a gas meter. 

Figure 2.1. Supercritical 

extraction unit. 1. CO2 tank, 2. 

buffer vessel, 3. cooler, 4. pump, 

5. heat exchanger, 6. extractor, 

 7. separator, 8. atmospheric 

separator, 9. gas meter. 

 
My experiments were 

carried out according to the 

technology scheme, shown in Figure 2.2. Three main steps are involved in the process. First, 

the solutions or melt phases of the racemate and the resolving agent are reacted to produce the 

mixture of diastereomers and unreacted enantiomers (the resolving agent is added in less than 

equimolar ratio to the racemate). In the second step, unreacted enantiomers are dissolved by 

scCO2. Finally, the diastereomers are retrieved from the extraction residue and decomposed to 

obtain raffinate enantiomeric mixtures. 

The enantiomeric excess (ee) values were determined by either optical rotation 

measurements or chiral gas-chromatographic analysis. The yield of the extracted enantiomers 

(YExtr) was calculated from the weight decrease of the extractor, the yield of the raffinate 

mixture (YRaff) was determined according to its mass after the decomposition step. The yield 

values were related to the mass of the racemate in all cases. 
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Figure 2.2. Resolution by supercritical fluid extraction. 

 

The resolution efficiency (F-parameter) was calculated according to the following 

equation: F=eeExtr×YExtr+eeRaff×YRaff. The molar ratio (mr) of the resolving agent or the 

achiral component was calculated by dividing the molar mass of the component by the molar 

mass of the racemate. Single crystal X-ray diffraction analysis was performed at the Institute 

of Structural Chemistry, Hungarian Academy of Sciences. The specific dissolution rate  

(ss, m/m%) was determined from the parameters of the modified exponential curve6, fitted on 

the extraction data, that is: YExtr=A×[1-exp(-B×CO2
rel)]+C×CO2

rel, where factor “A” indicates 

the maximum achievable yield of the unreacted acid enantiomers, “B” is the exponential 

parameter, and factor “C” refers to the solubility of  the diastereomeric salts in scCO2 (mg 

salt/g CO2), CO2
rel indicates the amount of carbon dioxide related to the weight of the 

racemate (g/g). The specific dissolution rate can be calculated from the following equation: 

ss = A × B. 

3. Results 

The experimental work of the present thesis can be divided into three main sections. 

Influence of sample preparation on the resolution of racemic ibuprofen via supercritical 

fluid extraction  

The preparation of enantiomers of racemic ibuprofen (IBU) is the topic of several 

studies. The resolution of IBU with (R)-phenylethylamine ((R)-PhEA) via SFE was first 

investigated by Sándor Keszei7. In my experiments, the influence of factors of the sample 

                                                           
6 Brunner, G. Ber. Bunsenges. Phys. Chem. 1984, 88, 887. 
7 Keszei, S. Ph.D. Thesis, BUTE, 2000. 
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preparation step – such as the type of the organic solvent, the quantity of the used inert 

support or resolution without organic solvent – have been studied on the parameters 

describing the extraction step – such as the specific dissolution rate (ss), or the relative 

amount of carbon dioxide necessary to extract the unreacted enantiomers (CO2
rel). The 

resolvability can also be affected by the latter parameters. During the sample preparation, I 

used organic solvents with different polarity: acetone (AC), dichloromethane (DCM), ethanol 

(EtOH), ethyl acetate (EtAC), methyl-ethyl-ketone (MEK), methanol (MeOH), 

tetrachloromethane (TCM). It was demonstrated that both the ss and the CO2
rel values have 

been affected by the type of the organic solvent, as shown in Figure 3.1. 

Figure 3.1. Influence of the organic solvents: a.) the amount of CO2 to reach 50% extraction 

yield as a function of the specific dissolution rate, b.) the resolution efficiency as a function of 

the specific dissolution rate. The molar ratio of the resolving agent was: mrPhEA=0.50. 
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It was proposed that the differences obtained in the values of ss and CO2
rel are resulted 

by the dissimilar precipitation sequence of the diastereomeric salts and unreacted 

enantiomers. The salts having ionic interactions are supposed to precipitate first during the 

evaporations of apolar solvents (TCM, DCM), as small particles of salt associates are formed. 

Subsequent precipitations result a well-dissoluble layer of the unreacted enantiomers in 

scCO2, thus quick extractions were experienced. Evaporations of polar solvents (EtOH, 

MeOH) probably gave simultaneous precipitations of the stereoisomers with a more uniform 

distribution of the salts, compared to apolar solvents. Therefore, the extraction of dissoluble 

material is slow. 

During the investigations of the influence of the mass of inert support (Table 3.1.) on the 

resolvability, no significant resolution enhancing effect was found. The proper set of the 

amount of support (~0.3 g IBU/m2 support) added to the samples eliminated the diffusion 

barrier effects and remarkably decreased the necessary amount of CO2. 

 

a.) 

AC
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EtAC
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MeOH
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b.) 
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Table 3.1. Investigation of the influence of support during the resolution of ibuprofen by SFE. 

 

3.2 Influence of benzylamine on the resolution of ibuprofen  

The resolution of ibuprofen was studied with the mixture of (R)-phenylethylamine – 

benzylamine ((R)-PhEA - BA) mixture. The influence of the achiral amine was investigated in 

a wide molar ratio range, performing experiments with small changes in the mrBA values. As 

resolutions with (R)-PhEA indicated, the highest resolvability can be achieved at 

mrPhEA=0.55. The sum molar ratio of the amines thus were adjusted to this value  

(mrPhEA+ mrBA=0.55) in all cases, and the molar ratio of the benzylamine was altered within 

this range (0<mrBA<0.55). The comparisons of the two sets of resolutions are shown in Figure 

3.2. 

Figure 3.2. Resolution of ibuprofen 

with: ● the mixture of BA - (R)-PhEA, 

○ (R)-PhEA. 

 

At relatively high BA molar 

ratios (mrBA>0.15; mrPhEA<0.40) 

significantly worse F-parameters were 

achieved using BA additive than 

without it. In a narrow mrBA range 

(mrBA<0.15; mrPhEA>0.40), however, 

slight but comparably higher resolution efficiencies were obtained. During further 

experiments, the mrBA=0.04 was found to be optimal achiral amine molar ratio, which also 

resulted in higher F-parameters (see Figure 3.3), compared to resolutions in the absence of 

BA. 
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Figure 3.3. Resolution of ibuprofen at 

mrBA=0.04 and various mrPhEA.  

● Resolution with the mixture of BA and 

(R)-PhEA,  

○ resolution with (R)-PhEA resolving 

agent. 

 

 The better F-parameters are 

resulted by the increased ee values of the 

extracts in the range of 0<mrPhEA<0.4, 

and the raffinate mixtures in the range of 0<mrPhEA<0.7. In the aforementioned mrPhEA ranges, 

the increases of the enantiomeric excess values are approx. 5-10 %, compared to the BA free 

experiments. In addition, I found that the benzylamine bound two times more molar mass of 

the chiral acid, compared to the resolving agent. Besides the mass balance calculations, single 

crystal X-ray analyses were performed on the salts of ibuprofen, which confirmed to PhEA : 

IBU = 1 : 1 molar ratio in the salts and proved the BA : IBU = 1 : 2 ratio, as given by the fact 

that a neutral ibuprofen molecule is also attached to the anionic ibuprofen via H-bonds.  

 To describe the observed phenomena, various models were set up and applied to model 

the values of ee, Y and F parameters in the function of mrPhEA. The models are based on 

different assumptions regarding the reaction sequence of the amines with the acid. As the 

molar ratio dependence of the enantiomeric excess values were already known using  

(R)-PhEA resolving agent, it was possible to calculate the ee, Y and F factors independently 

from the results of resolutions with BA - (R)-PhEA mixtures. Among the four models, 

approach D. gave the best description of experimental data in tendency, as depicted in Figure 

3.4. In approach D., simultaneous reactions of (R)-PhEA and BA with IBU enantiomer are 

postulated. The resolving agent bonds (R)-IBU enantiomer rich mixture according to the 

actual mrPhEA, the BA bonds the present acid enantiomers with double capacity as the  

(R)-PhEA. 

 

Figure 3.4. Calculation of   

F-parameters according to model D. 

Black dots represent the experimental 

data, continuous line shows the 

calculated resolvability values. 
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  Though the pH is an important factor during resolutions, it should be noted that the pH 

of the samples in the efficient range of the benzylamine (0.40<mrPhEA<0.55) is practically the 

same with the samples prepared in the absence of the achiral amine. The results have 

indicated that the achiral compound with structural similarity to the resolving agent can 

positively and negatively influence the enantiomer separation, depending on the current molar 

ratio of the additive.  

3.3 Resolution of trans-1,2-cyclohexanediol with tartaric acid by supercritical fluid 

extraction 

In our research group, the SFE technology was efficiently used for the resolution of 

chiral alcohols. As a continuation of these experiments, I developed a novel method for the 

enantiomer separation of a new compound, namely the racemic trans-1,2-cyclohexanediol 

(CHD) via diastereomeric complex formation. 

In solubility experiments, I have verified that the racemic CHD and its enantiomeric 

mixtures can be dissolved in scCO2 as well. This makes possible to establish a resolution by 

separating the unreacted enantiomers from the previously formed diastereomeric complexes. 

During the preliminary resolutions, I found that the (2R,3R)-tartaric acid (TA) is an efficient 

chiral selector for the CHD enantiomers, however, its derivatives with (such as O,O’-(2R,3R)-

dibenzoyl tartaric acid monohydrate or O,O’-di-p-toluyl-(2R,3R)-tartaric acid) resulted poor 

resolvability values. 

The first step of the resolution procedure was the combination of the ethanol solutions of 

the racemate and the resolving agent (mrTA=0.50), addition of inert support and evaporation 

of the organic solvent. (1S,2S)-CHD enantiomers then were extracted with approx. 

CO2
rel
≈660 g/g. The extraction residue was combined with MeOH and the support was 

filtered out. Prior the addition of aqueous Na2CO3 solution, the methanol was evaporated. 

After the water removal by evaporation, CHCl3 was added to the crushed solid particles to 

dissolve the liberated (1R,2R)-CHD from beside Na-tartrate salts. The raffinate CHD 

enantiomers were finally obtained after the evaporation of the latter solvent. 

Both the extraction pressure and temperature have been found significant parameters on 

the resolution efficiency in the 10 MPa<P<20 MPa and 33 ºC<T<63 ºC ranges, respectively, 

as proven by the 32 full factorial experimental design. Four extractions with the same 

conditions were performed in the centre point of the experimental design. The enantiomeric 

excess and yield values of the extracts and raffinates indicated reverse tendencies by changing 

the pressure and temperature, in addition, only the linear terms of these parameters were 

found to be statistically significant (see Table 3.2). On the other hand, the F-parameters, 
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determined from the ee and Y values of the extracts and raffinates, were also influenced by 

the quadratic and all interaction terms of the P and T, as show in Figure 3.5.   

Table 3.2. Significant influences    Figure 3.5. The F-parameter in the  

on the resolution of racemic CHD.   function of pressure and temperature. 

 

 

    

 

 
 
 
 
 
 

 
 
 
 
 
 
 
4. Theses 
 
1. The precipitation sequence of diastereomeric salts and unreacted enantiomers, 

determined by the polarity of the used organic solvents in the sample preparation, 

basically influences the supercritical fluid extraction (SFE) step and thus affects the 

resolvability. [II] 

a.) I have proposed that the particle precipitations from organic solvents with different 

polarity resulted in different constructions of the unreacted enantiomers and 

diastereomeric salts. High specific dissolution rate and low CO2 demand can be 

achieved during the supercritical fluid extraction, if particle cores of 

diastereomeric salts are precipitated, which are subsequently covered with an outer 

layer of unreacted enantiomers. 

b.) I have demonstrated that the specific dissolution rate can be remarkably increased, 

thus quick extractions can be achieved if appropriate amount of inert support is 

added to the samples.  

 

2. During the enantioseparation of a racemate using an achiral additive with structural 

resemblances to the resolving agent, I have found that positive and negative effects on 

Target function Significant influences 

eeExtr P, T,  P×T 

eeRaff P, T 

YExtr P, T,  P×T 

YRaff P, T 

F 
P, T, P2, T2, P×T, 

P2×T, P×T2, P2×T2   
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the resolvability can also be found. The magnitude and direction of the effect highly 

depends on the molar ratio of the additive.[III] 

 
3. Despite structural resemblances of the chiral selector and the achiral additive, I have 

found that considerably different stoichiometric ratios of the interacting molecules can 

be obtained within the formed salts. Unexpectedly, one molecule of benzylamine is 

capable to bond two ibuprofen enantiomers in contrast with the structurally related  

(R)-phenylethylamine, which involves only a single acid ion.[III].  

 

4. I have established a novel and efficient chemical resolution technique for the 

enantioseparation of racemic trans-1,2-cyclohexanediol with tartaric acid via 

diastereomeric complex formation.[IV] 

a.) Apart from the numerous salt formation examples, I have confirmed that the 

enantiomerically pure tartaric acid should also be considered as an efficient 

diastereomeric complex (co-crystal) forming agent to perform optical resolutions. 

b.) I have proven that the influence of operational parameters on the resolution 

efficiency can be complex, even when the enantiomeric excess and yield values 

depend only on the linear terms of the extraction pressure and temperature. 

 

5. Applications 
 

The importance of the supercritical fluid extraction in the food and agricultural industry is 

well-known, thus I did not focus on scale-up experiments. Having an acceptably efficient 

resolution system (e.g. the resolution of cyclohexanediol with tartaric acid), the supercritical 

fluid extraction provides a scaleable, environmentally friendly technology with low operating 

costs to produce optically active compounds from racemates. The experiences of my research 

work support the further development of optical resolutions via SFE.  
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