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SUMMARY 

With the background of more than 15 years experience in the field of extraction with super-

critical gases a survey of existing plants will be presented. Together with the patentsituation 

the suggested applications are compared to the actually performed processes. It is remarkable 

that up to now the main impulse for the application of Carbon Dioxide as solvent was the 

mere replacement of conventional solvents that have become suspicious because of several 

reasons. Applications where dense gases can exhibit their real advantages like in fractionating 

extraction or separation or in continuous fluid/liquid countercurrent extraction are somewhat 

rare up to now. Economics together with legal (environmental) injunctions will determine the 

future of the applications of dense gases in foodstuff and similar industries. Most often one 

has to compete with alternative products or processes. 

 

INTRODUCTION 

The various types of separation processes are defined by the kind of energy used, e.g. me-

chanical or thermal ones. The separation of solid or liquid substance mixtures by means of ex-

traction belongs to the group of thermal separation procedures. The separation is effected by 

means of an auxiliary agent, the solvent. The different solubilities of the individual 

components in the phases involved, i.e. the selectivity of the phase transition determines the 

success of separation. After the separation step, the solvent is removed, e.g. by evaporation in 

order to obtain the dissolved components and to recycle the solvent. 

 

Solvents are usually inorganic or organic liquids. They are able to extract (= remove) other 

gaseous, liquid or solid substances from a mixture and can be separated afterwards. During 

this dissolution process no chemical reactions should take place. According to the kind of 

application, e.g. in the case of obtaining extracts for pharmaceutical purposes or for 

foodstuffs, different requirements may result. 

 

The request that solvents have to be suitable for their application sounds nearly trivial: 

 

On the one hand, solvents should be able to dissolve the desired components as well as possi-

ble so that with a low use of solvents an economic method can be achieved. On the other 

hand, undesired components shall not be extracted. Mostly, both requirements cannot be met 

at the same time adequately. The selection is furthermore limited due to environmental 

standards and security regulations (emission into the atmosphere and waste water). 

 

Progress in research on properties of gases in their liquid and supercritical status as well as 

their use as solvents has been recently summarised in a historical consideration by Peyron [1] 

and Pellerin [2]. A similar survey can also be found in the monograph of McHugh and Kruk-



 

onis [3]. Very impressively there are monitored e. g. the simple apparatuses of the early re-

searchers. 

APPLICATION IN THE FIELD OF NATURAL PRODUCTS 

Up to now, liquefied carbon dioxide has only been successfully used for the extraction of hops 

although in 1904 a patent [4] has been granted for the extraction of fats (made up in a pleasant 

short form). Compared to the extraction with supercritical carbon dioxide, however, the per-

centage is rather low, since the liquid state of the carbon dioxide limits in general the applica-

tion of higher temperatures during the extraction. Therefore, the diffusion rate of the compo-

nents which have to be dissolved from the cellular matrix into the solvent is reduced. Conse-

quently, the extraction time becomes longer and the throughput at a given extraction volume 

is reduced. Another disadvantage is that part of the polar components which are soluble in su-

percritical carbon dioxide cannot be dissolved in liquid carbon dioxide. Inevitably, useful 

components are not present in the extract. 

 

The starting point for the application of the extraction with supercritical fluids in the field of 

natural substances was a research program in the Max-Plank-Institute for Coal Research in 

Mülheim at the beginning of the 1970ies. 

 

With a basic and very expansive application, it was tried to have the extraction by means of 

supercritical gases patented [5]. A large number of individual patents for procedures and 

equipment for the extraction of natural substances as e.g. cacao, spices, hops, coffee, tea, to-

bacco has subsequently joined the basic patent. Even if partly other solvents are listed besides 

carbon dioxide, up to now only carbon dioxide has been used in the industrial field. 

 

Whilst the number of (scientific) publications can be regarded as a measure for the importance 

of a special field of research the number of patent applications betrays the economic consid-

erations and interests of the industry. In figure 1 the increasing quantity of applications in the 

field of high pressure 

extraction is 

presented. In the 

early years of the 

century mainly ap-

plications in the field 

of gas recovery and 

refinery are covered. 

As explained above 

since the seventies 

the applications fo-

cus to high pressure 

extraction as we deal 

with nowadays. 
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Figure 1: Patentapplications 'supercritical' and SFE. Priority Japan not 

included (from ES data search)

 

Kommentar [d1]: *During a licenced 

procedure for the production of long-chain 

alcohols (the so-called building reaction of 

triethyl aluminium in ethylene) deviations 

between the results of laboratory trials and 

the production became obvious. In fact, 

during the laboratory trials undesired by-

products were unloaded from the reaction 

vessel due to the supercritical ethylene. Due 

to another reaction control during the 

production process these substances 

remained in the large-scale product and 

gave rise to complaint. In his opening paper 

to the meeting in Essen, Mr. G. Wilke drew 

the conclusion that "a careful observation 

of unexpected things more often determine 

the beginning of far-reaching findings than 

theoretic predictions". 

 



 

An analysis of the group of pat-

ents directly manifests the appli-

cations regarded as useful (table 

1). On the other side the number 

of patents should be considered 

with care. Up to now there is a 

huge difference between patents 

and real applications. Existing 

plants demonstrate the present 

status of high pressure ex-

traction. Without a claim for 

completeness the performance 

and use of plants is summarised 

in table 2. Now it is evident that 

large scale extraction is limited 

to only a couple of products. 

Amongst them hops is one of the 

predominating. 

 

Why are supercritical fluids ap-

plied so rarely, even though 

much is said and written about 

their use?  

 

A possible answer should con-

sider the following two aspects: 

1. For the mainly processed 

products, alternative products 

and/or possibilities of processing 

to the kinds of application hith-

erto known, are available as for 

example: 

 hops: cone hops, pellets, 

 extracts produced by 

 means of Ethanol 

 decaffeination of coffee: 

 water and ethyl acetate. 

2. As to the applications prac-

tised so far, for which in most 

cases substance mixtures were 

extracted from a solid substance 

mixture, only the solvent was replaced. Solvent-free extracts are not yet sufficiently known as 

alternaives. As regards complicated processes with liquid-fluid phase equilibria or chemical 

reactions for example there has been a lack of knowledge in spite of many publications. 

Therefore it has not been possible to optimise processes and energetics. Especially the 

separation of the dissolved constituents not only into fractions, but also, if possible, into 

individual components makes it necessary to have an exact knowledge of the phase equilibria. 

Table 1: Patents Supercritical applications  
   

 703 datasets (from ES data search)  

 liquid gases not included   

   

Group 1 SFE 563 

 food 102 

 lipids 73 

 (chemical) cleaning 69 

 pharmaceuticals 64 

 chemistry 63 

 aromes 50 

 decoffeination 40 

 defatting 27 

 oils and fuel 27 

 fractionation 26 

 environmental protection 22 

 coal 15 

 tabacco 13 

 cleaning of textures 13 

 drying 13 

 alcohol 10 

 cosmetics 7 

Group 2 Impregnation 41 

 textiles 23 

Group 3 Chemistry/Reactions 98 

 supercritical water oxidation 25 

 reactions 38 

 polymers 61 

 biotechnology 16 

Group 4 Particle generation 25 

 crystallisation,particles,  

precipitation, micronisation 

17 

 surfaces, coatings 9 

 Miscellaneous  

 reduction of mould, yeast, germs; 

pests 

8 

 chromatography 13 



 

TECHNICAL REALISATION OF THE EXTRACTION 

In the following, only the extraction of substance mixtures out of a solid substance matrix will 

be discussed. For the (continuous) extraction of components from liquid mixtures the laws 

and "customs" of the liquid-liquid extraction in the various kinds of instruments (e.g. 

columns) are valid. With certain restrictions, the procedures listed can be applied for the 

extraction with liquid carbon dioxide as well.  

 

The separation of components from e. g. hops by means of a solvent under high pressure hap-

pens step by step: The container is filled with the material to be processed, then the lid 

(mainly a quick closure for the sake of saving time) is closed. After the required pressure has 

been achieved, the solvent is passed several times through the solid material until the desired 

result has been obtained. The success of extraction can be determined by the progress of 

extraction (by weighing the extract for example) or by weighing and/or analysing afterwards 

the remainders. 

 

Table 2: Existing plants SFE, volume of the extraction vessels in litres 

period coffee hops/spices/tea/coffee tabacco tabacco 

  a b others extraction puffing 

       

1975-1980 3x 44000  200   9 x 200 

1981       

1982  3x 6500    200 

1984   500 

4 x 2000 

4 x 100  200  

1985    3 x 150   

1986 2x 21000 2x 200  300   

1987  3x 8000 4x 4000 2 x 200 10x 

10000 

 

1988 17000   500 2x 200  

1989  3x 12000 

2 x 200 

 2 x 300 

3 x 3000 

  

1990   2x 1000 

4x 3000 

3 x 500   

1991   4x 4000 300   

1992    200   

1993    200, 

2 x 500 

  

1994   500 2 x 200   

1995    170   

1996   500 3 x 360   

1997    4 x 250   

plants with extraction vessels > 100 l, without separators etc. 



 

Within the cycle, for obtaining the extract, the solvent is separated from the dissolved 

material. While this separation is made with liquid solvents by means of evaporation at 

increased temperatures, the separation from compressed gases is performed by decreasing the 

density by reducing the pressure and/or by increasing the temperature. The decrease of density 

by means of pressure reduction takes place directly in the valve. The following separator 

vessel serves for collecting and calming the phases which separate and for removing the 

individual phases. The cleaned solvent is discharged at the top, transported to the pump and 

from there returned to the extractor vessel. It might be necessary to repeat this procedure 

several times depending on the extract quantity, the solubility of the extract in the solvent and 

the kind of transition from the solid matter to the solvent. 

 

While in case of liquid solvents, a change of temperature is the only possibility of adapting the 

dissolving characteristics during dissolving and separating, these characteristics can be fixed 

in the case of compressed gases by varying the density. By means of temperature the diffusion 

out of the solid substance mixture, i.e. the kinetics of the extraction can be established. 

 

Referring to the above, an extraction unit will consist of two main groups, i.e. the extraction 

step and the separation step. The other devices are auxiliary equipment for the addition and 

elimination of heat and for transport and condensation. During the extraction step the soluble 

material is extracted with high pressure from the solid substance matrix and transported away 

by the solvent; during the separation step the dissolved material is removed from the solvent 

by decreasing the solubilising power of the solvent. Consequently a cleaning (regeneration) of 

the dissolved material is achieved. 

"Simple extraction" 

In the simplest case, an extraction unit consists of extractor and separator vessels as well as of 

different heat exchangers, pumps, regulation valves and devices. Usually, the separator is con-

nected with the storage tank of the solvent. The pressure in both vessels will consequently be 

the same (with the exception of flow losses) and will correspond to the saturation 

(evaporation) pressure of the solvent at the respective temperature. 

 

When the extraction aim has been achieved, i.e. the desired yield has been obtained, the circu-

lation of the solvent is interrupted and the pressure reduced by relieving the solvent in the ves-

sel in the atmosphere. Afterwards the extraction remainder can be removed, the vessel can be 

filled again and the circulation can be repeated. 

 

To avoid interruptions it is recommended to install more than one vessel. Limits are the 

saturation of the solvent. In this case, the length of the bulk material, i.e. the number of 

vessels has to be reduced. Alternatively the solvent passes through thevessels parallel. 

Temporal fractionation 

If the soluble proportion consists of several components, the individual components should, 

from the thermodynamic point of view of the phase relations, be enriched in the solvent and 

then separated again in the relationship of their solubilities. However, examples demonstrate 

that in the case of a total loading of the solvent easier volatile or better soluble components (in 

the case of hops the ß-acids) are preferably dissolved. Thus, a removal of the extract in tempo-

ral intervals may cause an alteration of the concentration ratios. 



 

 

In the case of a simultaneous extraction of several vessels, the extract can only be removed as 

a mixture. The above described possibilities thus exist when only one vessel each is used. 

Fractionation by successive extractions 

A separation into individual fractions, the solubilities of which are different, can be achieved 

by variation of the dissolving power of the solvent. By changing the density, the dissolving 

power of the compressed gases can be altered. Therefore, a separation of the extractable 

proportions according to their solubility can be achieved by a repeated extraction of the raw 

material with rising dissolving power due to increasing the density. The dominating parameter 

for a poorer solubility is the increasing molecular weight of the individual components. 

Besides, there are many other parameters which influence the interaction of the solvent 

molecules with the components to be dissolved. Thus, certain functional groups (free 

carboxylic acids, carboxylic acid ester, amides, etc.) determine together with the molecular 

size the interaction and thus the solubility. Simple rules have been published in the literature. 

 

Also this kind of extraction is limited (like the "temporal" fractionation), since the starting 

material has to be extracted several times. Due to the multiple extraction time, the efficiency 

should be considered very exactly. 

Fractionating separation 

A combination of a "total extraction" and the variation of the dissolving power of the solvent 

(but during separation) is mostly the preferred method for a separation of the dissolved com-

ponents in fractions as quickly as possible. Also from the energetic point of view this proce-

dure is of advantage, since the solvent has not to be circulated during several extractions. The 

described advantage, however, has to be paid for with increased investment costs, since 

several separator vessels with the corresponding heat exchangers and regulation devices have 

to work. Therefore, economic limits exist. 

 

One should neither expect that a very fine separation will be possible as a rule. There will al-

ways groups of components with similar dissolution characteristics be separated into fractions. 

Furthermore components which would "normally" still be soluble can nevertheless be precipi-

tated due to interactions with components which are more difficult to dissolve. (This effect is 

made use of e.g. for washing out with auxiliary agents). In addition, entraining respectively 

spreading effects might cause a change in the separation. 
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