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Why green extraction techniques?

Shorter 
time

Microwave assisted 
extraction (MAE)

Lower solvent 
consumption

Ultrasound assisted 
extraction (UAE)

Lower 
temperatures

Supercritical CO2 

(SCO2) extraction
Efficient 

energy use
Subcritical water 

extraction

Higher yieldBetter quality 
of extract

High voltage 
electrical discharge 

extraction

Extraction with 
deep eutectic 

solvents
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„The science of today is the 
technology of tomorrow. „

- Edward Teller
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SUPERCRITICAL CO2 EXTRACTION

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
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sCO2 EXTRACTS



(1) N2 tank (2) Regulator N2 20/5 MPa (3) Manometer 0-20 MPa (4) Extraction vessel 20 MPa, 
200°C (5) Oven 20-300°C (6) TRC - Temperature regulator controller; TRP - Temperature 

regulated probe (7) High pressure needle valves (8) Magnetic stirrer 

SUBCRITICAL WATER EXTRACTION
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CITRUS PEEL COCOA SHELL TOBBACO WASTE



INNOVATIVE EXTRACTION 
TECHNIQUES
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ULTRASOUND-ASSISTED EXTRACTION

MICROWAVE-ASSISTED EXTRACTION SUPERCRITICAL CO2 EXTRACTION

SUBCRITICAL WATER EXTRACTION



HIGH-VOLTAGE ELECTRIC DISCHARGE 
EXTRACTION

EXTRACTION USING DEEP EUTECTIC 
SOLVENTS (DES)



GAS CHROMATOGRAPHY-MASS 
SPECTROMETRY (GC-MS) 

SPECTROPHOTOMETRIC METHODS

OPTIMIZATION

HIGH-PERFORMANCE 
LIQUID CHROMATOGRAPHY (HPLC)



SPRAY DRYING



7 BOOK CHAPTERS

50 CONFERENCES

3 DOCTORAL THESIS

PROJECT RESULTS

33 JOURNAL PUBLICATIONS



RESULTS

„Great things are never done by one 

person. They’re done by a team of 

people.”
- Steve Jobs
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HPLC

SWE extracts

Compound Rt RI

Zorana Kuno Okica Chahara

100 bar 300 bar 100 bar 300 bar 100 bar 300 bar 100 bar 300 bar

α-Thujene 4,082 932 - - 0.1 0.1 - - - -

α-Pinene 4,237 940 - - 0.6 0.3 - 0.1 - -

Sabinene 5,091 978 - - 0.2 0.1 - 0.1 - -

β-Pinene 5,191 982 0.1 - 0.4 0.3 0.1 0.1 - -

β-Myrcene 5,478 992 0.6 0.4 2.3 1.9 0.5 1.0 0.1 0.1

Octanal 5,783 1003 - - 0.1 0.1 0.1 0.1 - -

Phellandrene 5,876 1007 - - 0.1 0.1 - - - -

p-Cymene 6,440 1028 1.2 1.1 0.1 0.1 0.5 0.9 0.3 0.1

Limonene 6,602 1034 37.2 35.1 66.8 66.6 35.4 52.8 11.7 3.5

trans-β-Ocymene 7,110 1051 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

γ-Terpinene 7,467 1062 3.9 4.4 8.4 8.5 5.0 6.6 1.3 1.0

cis-Sabinene hydrate 7,755 1071 0.1 0.1 0.1 0.1 0.1 0.1 - -

α-Terpinolene 8,437 1089 0.4 0.4 0.6 0.6 0.4 0.6 0.2 0.1

Linalool 8,855 1100 3.4 4.3 1.6 1.7 3.0 2.6 4.3 2.2

Nonanal 8,891 1101 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1

Citronellal 10,793 1155 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2

Terpinen-4-ol 11,744 1179 0.2 0.3 0.1 0.1 0.2 0.2 0.3 0.2

α-Terpineol 12,286 1191 1.4 1.6 0.6 0.6 1.2 0.9 2.0 2.2

Decanal 12,864 1204 0.6 0.7 0.4 0.4 0.6 0.4 0.8 0.6

trans-Carveol 13,405 1219 - - - - 0.1 - - -

Citronellol 13,809 1230 0.3 0.3 0.1 0.1 0.2 0.1 0.2 0.1

(Z)-Citral 14,283 1242 - - 0.1 0.1 - - - -

(E)-Citral 15,511 1271 - - 0.1 0.1 - - - -

Thymol 16,609 1295 0.2 0.4 - - - 0.3 - -

Carvacrol 16,992 1304 0.7 0.9 0.1 0.1 0.1 0.1 0.4 0.6

Undecanal 17,023 1305 - - 0.1 - 0.1 - - -

δ-Elemene 18,253 1337 0.5 0.5 0.2 0.2 0.5 0.3 0.8 0.6

Citronellyl acetate 18,982 1354 - - - - 0.2 0.2 0.3 0.1

Neryl acetate 19,452 1365 0.4 0.4 0.1 0.1 0.2 0.2 0.4 0.4

α-Copaene 19,881 1375 1.3 1.4 0.5 0.6 1.2 0.9 1.7 1.1

Geranyl acetate 20,255 1384 0.6 0.6 0.2 0.2 0.9 0.6 1.1 1.1

β-Cubebene 20,419 1387 1.1 1.1 0.5 0.5 1.1 0.8 1.3 0.9

β-Elemene 20,518 1389 2.9 2.9 0.5 0.5 2.9 1.9 3.8 3.2

Dodecanal 21,254 1407 0.2 0.2 0.1 0.1 0.1 0.1 0.3 0.2

Limonen-10-yl acetate 21,349 1409 0.3 0.3 0.1 0.1 0.5 0.3 0.7 0.3

trans-Caryophyllene 21,572 1415 1.2 1.2 0.3 0.3 1.1 0.8 1.6 1.5

α-Guaiene 22,373 1436 0.2 - 0.1 - 0.2 0.1 0.3 0.1

α-Humulene 22,953 1450 2.1 2.0 0.5 0.5 2.4 1.4 2.8 2.6

Germacrene D 24,085 1477 5.0 4.9 1.9 1.9 5.5 3.2 7.2 7.6

Valencene 24,564 1489 0.3 0.3 0.1 0.1 0.6 0.3 0.4 0.9

Bicyclogermacrene 24,698 1492 1.1 1.1 0.3 0.3 1.6 0.9 1.9 2.8

α-Muurolene 24,873 1496 - - 0.1 0.2 - - 0.7 0.9

Eremophilene 25,064 1500 10.4 10.4 2.6 2.8 11.1 7.2 15.2 18.6

(E,E)-α-Farnesene 25,294 1506 7.6 7.5 3.5 3.5 8.8 5.3 12.8 15.8

δ-Cadinene 25,808 1520 1.9 1.9 0.7 0.7 1.7 1.1 2.6 3.2

Elemol 26,833 1547 0.2 0.2 - - 0.1 0.1 0.2 0.1

Germacrene B 27,026 1552 0.9 0.9 0.3 0.3 0.9 0.5 1.4 1.7

Dodecanoic acid 27,640 1568 0.2 0.2 - - 0.1 - 0.3 0.9

Spathulenol 27,873 1574 0.1 - - - - - - -

Tetradecanoic acid 34,903 1764 0.6 0.7 0.2 0.3 0.4 0.3 0.8 2.6

Hexadecanoic acid 41,697 1966 1.8 2.4 0.6 1.1 2.0 1.4 5.4 4.8

Linoleic acid 47,065 2132 0.5 0.5 0.6 1.0 2.1 0.9 4.2 11.3



RESULTS

„Great things are never done by one 

person. They’re done by a team of 

people.”
- Steve Jobs

CITRUS PEEL AS A CARBON SOURCE IN CARBON 
QUANTUM DOTS TECHNOLOGY
Investigating the potential biological activity and 
applications in biomedicine

BIOMASS CAN BE USED AS A CARBON SOURCE FOR CQDs PREPARATION



RESULTS

Tobbaco waste (dust, midrib, scrap)
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Tested 
variables

Pressure (bar)
Temperature 

(°C)
Time (min)

Experimental 
range

100-300 40-80 5-120

Detected 
compounds

Fatty acids, nicotine, volatile organic compounds

Optimal 
conditions

Type: scrap, 120 min, 300 bar and  61.22 °C

RUN Pressure 

(bar)

Temperature 

(°C)

Nicotine 

(mg/g)

Other detected compounds

E1 100 40 4.28 Duva-4.8.13-triene-1.3-diol
E2 300 40 5.74 2.3'-Dipyridyl
E3 100 80 9.71 3-Oxo-α-ionol
E4 300 80 14.43 Cotinine
E5 100 60 9.37 Solavetivone
E6 300 60 15.85 Neophytadiene
E7 200 40 3.62 Hexahydrofarnesyl acetone
E8 200 80 11.52 (E.E)-Farnesyl acetone
E9 200 60 9.03 Hexadecanoic acid

E10 200 60 7.96 Thunbergol
E11 200 60 7.62 Phytol
E12 200 60 8.31 Fatty acids (palmitic acid, 

stearic acid, linoleic acid, 

linolenic acid, oleic acid

E13 200 60 6.76

Soxhlet 8.34

SUPERCRITICAL CO2 EXTRACTION
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Nicotine content of tobacco waste vs. solvent density (ρ) 
at different temperatures during SC-CO2 extraction

Nicotine mg/g

SCRAP DUST MIDRIB

1 26.6 15.0 9.07

2 44.3 22.8 19.7

3 46.1 23.1 12.3

4 29.9 18.0 10.2

5 33.5 27.2 13.0

6 51.4 27.5 17.7

7 32.5 21.5 11.0

8 42.4 32.2 17.1

9 40.5 24.3 14.8

10 42.5 29.5 15.7

11 30.6 21.7 12.5

12 39.4 23.6 14.7

13 32.01 26.9 13.0

14 37.1 28.0 15.2

15 32.4 26.4 13.3

16 32.4 24.5 14.1

17 32.1 27.8 14.0

Tested variables Time (min)
Temperature 

(°C)
Solvent/solid ratio (mL/g)

Experimental range 5-25 150-250 10-30

Detected compounds Phenolic compounds, carbohydrates, chlorogenic acid, rutin, 
nicotine, 3.4 DHBA, nicotinic acid, nicotinamide, 5-HMF, furfural 

and 5-MF

Optimal conditions Scrap: 150 °C.
23 min.
28 mL/g

Dust: 160 °C.
20 min.
10 mL/g

Midrib: 150 
°C.

25 min.
30 mL/g

SUBCRITICAL-WATER EXTRACTION

Proposed degradation mechanism:



RUN

Extraction 

yield (%)

Nicotine (mg/g) Nicotinamide

(mg/g)

Nicotine acid (mg/g)

R1 54.08 46.70 4.02 2.39

R2 59.15 42.10 3.71 1.87

R3 58.34 29.30 3.04 1.43

R4 74.05 16.10 1.98 1.18

R5 52.47 42.90 4.28 2.22

R6 65.83 21.10 2.58 1.33

R7 51.39 45.60 4.25 2.19

R8 54.50 19.50 3.03 1.47

R9 53.62 31.40 3.46 2.05

R10 56.50 36.40 3.65 1.72

R11 60.42 30.00 3.07 1.62

R12 52.68 30.20 3.29 1.59

R13 54.77 28.70 3.03 1.54

Raw material 54.57 38.10 3.15 22.58

Des ign-Ex pert® Software
Fac tor Coding: Ac tual
Trans form ed Sc ale
(Nic otine) -̂3
Des ign points  abov e predic ted v a lue
Des ign points  be low predic ted v a lue
0.0098186

0.23962

X1 = A: pres s ure
X2 = B: tem perature
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Tested SFE variables Pressure (bar) Temperature (°C) Time (min)

Experimental range 100-300 40-80 5-120

Tested SWE variables
Temperature (°C) Time (min)

Solvent: solid 
ratio (mL/g)

Experimental 
conditions

150 23 28

Detected compounds Nicotine, Phenolic compounds, nicotinic acid, nicotinamide,5-
HMF, furfural and 5-MF

Optimal conditions Type: scrap, SFE 120 min. 300 bar and  61.22 °C

Proposed model:

SEQUENCE OF SUPERCRITICAL CO2 EXTRACTION AND SUBCRITICAL WATER EXTRACTION

GC-MS midrib chromatogram obtained after SFE

UAE

SWE

SFE

SFE+SWE
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Extraction techniques

Comparison of different methods in extraction of nicotine form 
tobacco waste

Two-stage extraction process (SC-CO2 extraction followed by SWE) can
enhance the extraction efficiency due to the elimination of fats during
SC-CO2 extraction which enables better dissolution of the other
compounds in subcritical H2O.



RESULTS

Scheme 1. Proposed degradation mechanism of methylxanthines

within hydrothermal degradation of cocoa shell.
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„Alone we can do so little;

Together, we can do so much.”
- Helen Keller
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