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• many advantages for natural plant materials

Supercritical fluid extraction (SFE)

Critical Parameters of  

Different Solvents

Density

(g cm-3)

Diffusion coefficient

(cm2 s-1)

Viscosity

(g cm-1 s-1)

Gas 10-4 0.1 – 0.4 (1 – 3) x 10-4

Liquid 0.6 – 1.6 (0.2 – 2) x 10-5 (0.2 – 3) x 10-2

Supercritical fluid 0.2 – 0.9 (0.2-0.7) x 10-3 (1 – 9) x 10-4

Physical Parameters at Different Aggregation

Gases Tc (K) Pc (MPa)

Carbon dioxide 304.17 7.38

Ethane 305.34 4.87

Methane 190.55 4.59

Ethylene 282.35 5.04

Propane 369.85 4.24

Nitrous oxide 309.15 7.28

Acetylene 308.70 6.24

Hydrogen 33.25 1.29

Nitrogen 126.24 3.39

Oxygen 154.58 5.04

Neon 44.40 2.65

Argon 150.66 4.86

Xenon 289.70 5.87







Density Behaviour of CO2
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Homemade supercritical fluid extraction system

1. Compressor

2. CO2 Tank

3. Stainless steel coil

4. Cooling bath 

5. Air driven fluid pump Haskel MS-71 

6. Valves (B-HV)

7. Manometers

8. Extraction vessel

9. Separator vessel

10. Water bath 

11. Centralized system glass fiber heater

12. Flow meter



The Experts since the Beginning

Extractor volume 5 litres, extraction pressure up to 1000 bar

PRODUCT / PROCESS

DEVELOPMENT & RESEARCH UNIT

High performance research unit for scientists and professionals, 

ready for “Plug & Work”



GERMANY Decaffeination of Tea

1988 turn-key, 3,000 t/annual



ITALY Decaffeination of Coffee

1992 Turn-key, 10,000 t/a



TAIWAN Rice Treatment Plant

3 x 5,2 m3, 325 bar, Capacity 90 t per day



POLAND Hops Extraction Plant



NEW ZEALAND Extraction plant for

hops and nutraceuticals 

Multipurpose plant

3 x 850 litres, 550 bar



SOUTH KOREA Sesame Oil

3 x 2.500 litres 

550 bar



Applications



Applications



Applications



Applications

Main families of  compounds found in vegetable 

extracts obtained by supercritical fluids 
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Design Criteria

Lab Scale Plants
Influence of

 pressure

 temperature
effect on solubility

> pressure  > solubility because of > fluid density

> temperature  2 effects

> vapor pressure

< density of fluid

 raw material

 particle size

< particle size  shorter diffusion ways

 breaking of shells 

 breaking cell walls

optimal particle sizes: 0,4 – 0,8 mm

 (CO2 flow rate)  very often limited for Lab Scale Plants



Modelling of Supercritical Fluid Extraction

• Before the installation of a plant, the modelling of the process

is indispensable.

• The SFE curve modelling is important for process

optimization and scale-up, helping the identification of

extractor volume and extraction yield.

• The optimal process parameters (extraction time, solvent flow,

pressure, temperature, particle size etc.) can be obtained from

the model.

• For the mathematical description of the extraction curves

different models can be used (the most commonly used model

is Sovová model).



Typical trend of extraction lines
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Sovová’s model1

Sovová’s model describes the yield in function of the time using 3 equations: 
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Q, S dimensionless model parameters [-]

τ minimal extraction time [s]

q soluble material fraction on the surface of the particles [kg/kg]

dimensionless time [-]

Zk, dimensionless length and time where and when the soluble material runs out 

from the surface [-]

[1] SOVOVÁ, H., Chemical Engineering Science, Vol. 49, 1994, p. 409



Parameters of Sovová’s model
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y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase       [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

Solubility was estimated from an empirical equation

or

from the initial slope of the extraction curves
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

The initial concentration of soluble material was

estimated by traditional solvent Soxhlet-extraction

using n-hexane as solvent.
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

The density of the carbon dioxide was calculated from

the Bender equation of state at the pressure and 

temperature of the extraction.
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

The density of the raw material was measured by

Hofsäss air pycnometer.
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

The specific surface area was estimated from the surface-volume diameter

of the particles, what was determined from sieve experiments using the

Rosin–Rammler–Bennett particle size distribution model.
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

The mass transfer coefficient in the fluid phase was

estimated from a Sherwood correlation.
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Parameters of Sovová’s model

y* solubility at extraction pressure and temperature [kg/kg]

xo initial concentration of soluble material [kg/kg] 

f, s density of the fluid and solid phase [kg/m3] 

ap specific surface area of the solid particles [m2/m3]

kf, ks mass transfer coefficient in the fluid and the solid phase [m/s]

ms amount of the raw material [kg]

mass flow of the fluid [kg/s]

ε void fraction in the bed [m3/m3]

The void fraction in the bed was calculated from the

density of the raw material and the bulk density.
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Scale up
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PROPOSALS
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Scale-up Procedure

Challenges in SFE technology:

 Feasible designs for scale-up are necessary for commercialization;

 Modeling for scale-up not always available;

 Continuing instrumental and equipment improvements;

 Continuing research and development for applications and new material design.

Geometric proposal:

constant
 

 


columnpacked

columnpacked

d

h Problems in SFE technology:

 The literature on scaling-up of SFE processes is limited to

mathematical expressions for a preliminary estimation of both

investment and operating costs;

 One of the problems found in scale-up studies is the use of small

vessels for determining extraction curves, which influences the results

because of the extract loss in the tubes walls of the equipment.



Scale-up assays can be performed according to four proposals presented by Clavier and Perrut (2004):

Proposal 1: for processes where the solubility is the limiting kinetics mechanism, the ratio solvent

mass/raw material mass should be maintain constant between small and large scales as given in

following equation (Eq. 1):

constant
s

f 
m

m

Scale-up Procedure

(1)

Proposal 2: for processes where the diffusion mechanism (particularly internal diffusion) controls

the extraction, the ratio CO2 flow rate/mass of raw material as given (Eq. 2):

.const
s

f 
m

Q

Proposal 3: for processes where diffusion and solubility are limiting mechanisms, both ratios (Eq. 1

and Eq. 2) should be maintained constant between small and large scales.

Proposal 4: three factors should be maintained constant between small and large scale: solvent

mass/raw material mass, CO2 flow rate/mass of raw material and the Reynolds number (Re).

Clavier, JY; Perrut, M. Scale-up issues for supercritical fluid processing in compliance with GMP. In: York UP, Kompella UB, editors. Supercritical fluid

technology for drug product development. New York: Marcel Dekker, Inc.; 2004; 617–631.

(2)



EXAMPLES at



Cannabis sativa L. 
(Fedora 17 type)

Collected hemp seed oil during the SFE process

„Zero waste” approach

Cake residual oilScrew pressed cake (nozzle ID 12, 9 and 6 mm)

SFE

Hemp seeds Screw pressed cake Pressed cake after 
SFE

 RESEARCH:

 RESEARCH:

SFE

Extrusion

Snack



HRZZ project: Application of food industry by-products in development of functional and environmentally

friendly extruded food products and additives (2014-2018)

SFE production of edible and essential oils:

Plant extracts:



Helichrysum italicum L.

No. Compound RI %

1 4-Methylhexan-3-one < 900 0.1

2 Nonane 900 0.1

3 α-Pinene 940 13.7

4 α-Fenchene 953 0.5

5 β-Pinene 982 0.6

6 α-Terpinene 1022 0.6

7 Limonene 1034 3.1

8
Isobutyl 2-methylbut-2-

enoate (Isobutyl angelate)** 1055 0.3

9 γ-Terpinene 1064 0.6

10 α-Terpinolene 1092 0.2

11 Linalool 1105 0.7

12
Isopropyl 2-methylbut-2-

enoate** 1158 0.8

13 Terpinene-4-ol 1184 0.4

14 α-Terpineol 1197 0.2

15 Decanal 1209 0.1

16 Nerol 1241 0.5

17 Linalyl acetate 1262 0.1

18 (Z)-hex-3-enyl tiglate 1282 0.1

19
Hexyl 3-methylbut-2-enoate 

(Hexyl angelate)** 1289 0.4

20 Undecan-2-one 1297 0.1

21 Neryl acetate 1369 5.4

22 α-Ylangene 1375 0.2

23 α-Copaene 1380 2.9

24 Italicene 1407 4.5

25 cis-α-Bergamotene 1419 1.2

26 trans-Caryophyllene 1424 4.7

27 trans-α-Bergamotene 1440 1.1

28 Geranyl propionate 1479 1.9

29 γ-Selinene 1479 2.4

30 γ-Curcumene 1485 23.2

31 β-Selinene 1492 9.9

32 α-Selinene 1499 6.7

33 δ-Cadinene 1528 1.7

34 Nerolidol 1570 0.3

35 Guaiol 1603 0.8

36 α-Gurjunene 1640 0.7

37 α-Cadinol 1650 0.2

38 7-Epi-Amiteol 1665 1.3

39 α-Bisabolol 1691 0.4

40 Hexahydrofarnesyl acetone 1849 0.1

Total identified 92.8%
**- correct isomer is not identified, RI – retention indices determined relative to 

n-alkanes (C9-C25), % - the chromatogram area percentages



HELICHRYSUM ITALICUM L.

No. Compound RI

Run 4

7.93 MPa

50 oC

[%]

Run 11

10 MPa

60 oC

[%]

Run 8

15 MPa

35.86 oC

[%]

Run 1

15.00 MPa

50 oC

[%]

Run 3

20 MPa

40oC

[%]

Run 12

22.07MPa

50 oC

[%]

1 2-Methylbutanoic acid < 900 - 0.1 - 0.1 0.1 -

2 Nonane < 900 - - - 0.1 - -

3 α-Pinene 940 t - t 0.1 - -

4 Hexanoic acid 990 - - - 0.1 - -

5 α-Terpinene 1022 t - - t 0.1 -

6 p-Cymene 1030 - - - 0.1 - -

7 β-Phellandrene 1035 - - - - 0.1 -

8 Limonene 1034 - 0.1 t t - t

9 1,8-Cineole 1036 - - - t - -

10 γ-Terpinene 1064 - - - 0.3 - -

11 α-Terpinolene 1092 - 0.1 - 0.1 - -

12 Linalool 1105 t 0.1 t 0.3 0.1 t

13 Nonanal 1112 - - - t - -

14 Terpinen-4-ol 1184 - 0.1 0.1 0.1 0.1 0.2

15 α-Terpineol 1197 0.1 0.1 0.1 0.1 0.1 0.2

16 Decanal 1209 - 0.1 - 0.1 0.1 -

17 Nerol 1241 - 0.1 t 0.1 0.1 0.2

18 Neryl acetate 1369 0.1 0.4 0.3 0.4 0.3 0.2

19 α-Ylangene 1375 - 0.1 0.1 0.1 0.1 0.2

20 α-Copaene 1380 0.1 0.3 0.1 0.3 0.1 0.2

21 Italicene 1407 0.1 0.3 0.3 0.3 0.1 0.2

22 cis-α-Bergamotene 1419 0.1 0.1 0.1 0.1 0.1 0.5

23 trans-Caryophyllene 1424 0.2 0.5 0.4 0.8 0.7 0.3

24 Aromadendrene 1443 - - - 0.5 - -

25 α-Humulene 1457 0.1 0.1 0.1 0.1 0.1 0.2

26 Alloaromadendrene 1464 0.1 - - 0.3 - -

27 γ-Curcumene 1485 0.7 - - 0.3 - 1.3

28 Ar-Curcumene 1487 0.4 5.0 3.3 4.7 2.9 1.6

29 β-Selinene 1492 0.2 0.1 - 0.1 - 1.3

30 α-Selinene 1499 0.2 1.2 0.7 0.9 0.6 0.5

31 4-Methyl-2,6-bis(1,1-dimethylethyl)phenol 1515 0.1 - - 0.5 0.3 0.2

32 δ-Cadinene 1528 0.1 0.3 0.3 0.3 0.1 0.2

33 α-Calacorene 1548 - 0.1 0.1 0.1 - 0.2

34 Spathulenol 1584 - - - 0.5 - -

35 Dodecanoic acid 1587 - 1.3 - - - -

36
2-Ethyl-5-hydroxy-3,6-dimethylpyran-4-

one* 1613 0.4 - 0.9 1.4 0.8 -

37 7-Epi-Amiteol* 1665 0.2 1.3 0.4 0.9 0.6 0.5

38 α-Bisabolol 1692 - 0.4 - - - -

39 Tretradecanoic  acid 1775 - 1.1 - 0.7 0.7 -

40 Eicosane 2000 - 0.8 7.4 7.1 - -

41
1-[2-(3-Hydroxyprop-1-en-2-yl)-2,3-

dihydro-1-benzofuran-5-yl]ethanone*

(12-Hydroxytremetone; Bitalin A)

2043 9.2 16.0 6.1 19.7 23.0 12.9

42 Heneicosane 2100 - 1.1 - 0.4 - -

43
1-[2-(3-Acetylprop-1-en-2-yl)-2,3-dihydro-1-

benzofuran-5-yl]ethanone*

(12-Acetoxytremetone)

2114 3.7 13.3 3.7 8.3 12.1 12.7

44
1-[2-(2-Methyl-2,3-dihydroxypropyl)-2,3-

dihydro-1-benzofuran-5-yl]ethanone* 2121 17.1 16.9 19.7 25.2 20.4 17.2

45
1-[2-(3-Hydroxy-2-(1-hydroxyprop-1-en-2-

yl)-2,3-dihydro-1-benzofuran-5-

yl]ethanone* (Gnaphaliol)

2158 2.4 4.4 5.3 2.4 4.9 2.9

46 Docosane 2200 3.8 2.1 26.6 4.5 3.7 10.1

47 Isobutyl bitalin A* 2283 6.5 9.0 4.3 4.1 4.4 4.8

48 Tricosane 2300 - 4.6 - 0.4 - 5.6

49
1-[2-(Acetylprop-1-en-2-yl)-3-hydroxy-2,3-

dihydro-1-benzofuran-5-yl]ethanone* 2309 10.3 7.0 6.4 6.7 6.5 7.1

50 Diisooctyl phtalate >2300 - - - 1.4 4.1 6.3

51 Squalene >2300 35.6 - - - - -

Total identified 91.8% 88.8% 86.8% 95.1% 87.4% 87.8%

SFE



MATRICARIA CHAMOMILLA



SATUREJA MONTANA

Compound
Pressure (bar)

100 125 150 175 200 225 250 275 300 325 350

Monoterpene hydrocarbons

β-Myrcene 0.14 0.35 0.28 0.46 0.08 0.08 0.05 ni 0.06 ni ni

α-Terpinene 0.40 0.47 0.47 0.60 0.21 0.17 0.21 0.17 0.13 ni 0.21

γ-Terpinene 0.48 1.11 1.37 2.04 1.20 1.24 1.01 1.01 0.79 1.12 0.78

p-Cymene 7.13 7.83 8.79 10.24 5.00 5.33 4.77 4.34 3.64 5.08 4.23

m-Cymene nia ni ni ni 0.44 0.52 0.32 ni ni ni ni

Oxygenated monoterpenes

Eucalyptol 0.70 0.68 0.74 0.83 0.33 ni ni 0.23 0.24 0.31 ni

Trans-sabinene hydrate 0.80 0.79 0.56 0.75 0.27 0.36 0.36 0.35 0.30 0.40 0.16

Cis-sabinene hydrate 0.26 0.29 0.33 0.25 0.12 0.16 0.16 0.19 0.19 0.24 0.19

Linalool 0.51 0.70 0.70 0.52 0.47 0.40 0.34 0.30 0.39 0.36 0.34

Borneol 2.42 2.00 1.99 2.14 1.34 1.29 1.42 1.29 1.44 1.52 1.42

Terpinene 4-ol 0.70 0.45 0.55 0.56 0.45 0.44 0.43 0.29 0.47 0.33 0.57

α-Terpineol 0.08 0.08 ni ni ni 0.08 0.08 0.16 0.18 0.17 ni

Carvone 0.82 0.87 1.01 0.63 0.69 0.85 0.54 ni 0.53 0.75 0.87

Carvacrol 67.58 60.70 57.43 54.30 71.34 72.69 73.21 77.36 76.67 79.38 76.10

Sesquiterpenes

Trans-caryophyllene 2.80 2.45 2.79 2.92 2.03 2.04 2.26 2.10 1.97 2.06 2.08

α-Amorphen 0.55 0.60 0.67 0.66 0.32 0.37 0.43 0.38 0.31 0.37 0.36

β-Bisabolene 0.89 0.98 0.95 1.10 0.66 0.64 0.72 0.72 0.63 0.66 0.71

γ-Cadinene 0.59 0.57 0.61 0.68 0.39 0.35 0.42 0.45 0.44 0.39 0.33

δ-Cadinene 1.02 1.06 1.09 1.18 0.68 0.61 0.79 0.77 0.63 0.69 0.77

Caryophyllene oxide 1.58 1.63 1.54 1.74 0.95 1.07 1.14 1.31 1.01 1.12 1.58

Aliphatics

Heptacosane 0.59 1.51 1.66 1.94 0.95 0.97 0.89 ni ni ni 0.27

Nonacosane 2.74 7.29 8.84 8.92 7.20 5.77 6.32 ni ni ni ni

Total 92.77 92.40 92.39 92.44 95.10 95.43 95.83 91.41 90.00 94.93 90.96

GC/MS analysis of S. 

montana extracts.

Extraction temp. 40°C



VITEX AGNUS-CASTUS

Essential oil

Essential oil

Hydrodistillation

SC-CO2 extraction

https://www.google.hr/imgres?imgurl=http://www.aromaterra.hr/slike-bilja/konopljika.jpg&imgrefurl=http://www.aromaterra.hr/aromaterapija/fitoaromaterapija/konopljika.htm&docid=PBYarnvROhpmcM&tbnid=niP65f5EYx74nM:&w=206&h=249&bih=602&biw=1200&ved=0ahUKEwihvu7bip_MAhVLuhoKHS6sAi4QMwgtKBIwEg&iact=mrc&uact=8


Design-Expert® Software

Factor Coding: Actual

Camphor

Design points above predicted value

Design points below predicted value

104.71

38.23

X1 = A: Pressure

X2 = B: Temperature

Actual Factor

C: CO2 flow rate = 2
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NEW Installation Research Projects: „Application of innovative 

techniques of the extraction of bioactive components from by-products of 

plant origin” (2018-2023)
Principal Investigator: Stela Jokić

(Budget: 1.607.708,72 HRK)

On going research
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