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Contextualization

100,000 tons/year
1 billion US$/year

Mainly composed of
Terpenes
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New products

Natural and renewable sources

 Lignocellulose
 Fats and Oils
 Sugars
 Essential Oils



Introduction

>55.000 different structures

Derived from isoprene

Majority found only in plants

TERPENES Complex unsaturated hydrocarbons

Oxygenated functional groups → terpenoids

Flavors

Spices

Fragrances
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Introduction
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Objectives
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Chapter 2. Applications

Food

Agriculture

Fine Chemicals

Pharmaceutical

Cosmetics & Perfumery

Analgesic

Antibiotic

Anticancer

Antifungal

Antihyperglycemic

Anti-inflammatory

Antimicrobial

Antiparasitic

Antiviral

Synthetic precursors and intermediates 

Chiral building blocks

Coloring agents

Antioxidants

Natural preservative

Organoleptic agents (flavor, fragrances, spices)

Natural food additives

Organoleptic agents (flavor, 

fragrances)

Repellent

Antibacterial

Emulsifier

Conditioner and Lubricant

Pesticides

Plant protectors

Animal feed supplements

Phytohormones
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Chapter 2. Applications
Hey 

terpene!
Wanna

hang out?

Sorry, I 
can’t mix 
with you 

guys.

Hydrophobic!

Candidates to prepare sustainable 
hydrophobic solvents

Deep Eutectic 
Solvents (DES)

Properties

Low toxicity

Non-volatility

Non-flammability

Non-reactivity with 
water 

Renewability

Biodegradability

Availability of 
precursors

Applications

Catalysis

Organic synthesis

Dissolution processes

Extraction processes 

Electrochemistry

Material chemistry
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Hydrogen Bond 
Donors

Hydrogen Bond 
Acceptors



Chapter 2. Applications

Formulation and characterization of
hydrophobic mixtures composed of terpenes and
monocarboxylic acids, and mixtures of terpenes.
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Absence of phase diagrams

Absence of a thermodynamic evaluation 
of the physicochemical properties

Metals extraction
Biomolecules extractionTherapeutic DES

Vehicles for transdermal delivery
Dissolution enhancers of active pharmaceutical ingredients

Applications



Chapter 2. Applications

Menthol + Monocarboxylic Acids Thymol + Monocarboxylic Acids

Terpenes Mixtures

Hydrophobic Eutectic Mixtures

Solid lines represent the ideal solubility curves
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Differential scanning calorimetry 
Heating 1K/min; Cooling  5K/min

Solid Solution
Hydrophobic 

DES
Hydrophobic 

DES



Chapter 2. Applications

0.82

0.84

0.86

0.88

0.90

0.92

278 298 318 338 358 378

ρ
/ 

g·
cm

-3

T / K
L(–)-menthol L(–)-menthol_CaprylicAcid L(–)-menthol_CapricAcid L(–)-menthol_LauricAcid

L(–)-menthol_MyristicAcid L(–)-menthol_PalmiticAcid L(–)-menthol_StearicAcid L(–)-menthol_OleicAcid

a)

0.869

0.875

0.881

320 325 330

0.84

0.86

0.88

0.90

0.92

0.94

0.96

278 298 318 338 358 378

ρ
/ 

g·
cm

-3

T / K
Thymol Thymol_CaprylicAcid Thymol_CapricAcid Thymol_LauricAcid

Thymol_MyristicAcid Thymol_PalmiticAcid Thymol_StearicAcid Thymol_OleicAcid

b)

Density

Menthol + Monocarboxylic Acids Thymol + Monocarboxylic Acids

Lower than water
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b)

Viscosity

Low viscosities 
(1.3 – 100.6 mPa·s)

Eutectic Composition
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-Bulky organic cations 
-Organic or inorganic 
anions
-Low symmetry
-High charge density
-Low intermolecular 
interactions

-Mixtures of two or 
more compounds
-Formed by hydrogen 
bond complexation
-Eutectic point far 
below the melting 
temperature (TM) of 
each individual 
component
-Absence of chemical 
reactions and complex 
purification steps
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Designer Solvents

Chapter 3. Extraction, Production and Deterpenation

 Negligible vapor pressure 
 Chemical and thermal stability 
 Large liquid temperature range
 High solvating capacity
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Chapter 3. Extraction, Production and Deterpenation

Gas-liquid 
chromatography 

(GLC)

COSMO-RS

I. Ionic Liquids
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ILs – Solutes 
Interactions

Indirect methodology
for screening purposes 

ILs + Common Organic Solutes 

ILs + Terpenes



Chapter 3. Extraction, Production and Deterpenation

The hydrogen bonding between organic solutes and the

ILs anion plays a significant role on the interaction with

organic solutes
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, [C4mim]Cl; , [C4mim][CH3SO3]; Δ, [C4mim][(CH3)2PO4]
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ILs + Common Organic Solutes 

The ILs studied may replace conventional entrainers applied for

the separation processes of aliphatic/aromatic hydrocarbons

Selectivity/Capacity

[C4mim]Cl – 73.32/0.22
Sulfolane – 26.03/0.44

Octane - Benzene



Chapter 3. Extraction, Production and Deterpenation

Weakest interactions with the ILs 

Decreasing the polarity

408.15 K

Strongest interactions with the ILs 
[CF3SO3]- < [(CH3)2PO4]- < [CH3SO3]- < Cl-
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ILs + Terpenes
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Chapter 3. Extraction, Production and Deterpenation

Capacity, 

  jiijS  /

  jjk /1

Selectivity, 
Evaluation of the ILs performance as solvents 
for separation processes

Selectivities:  [1-2];  [2-4];  [4-10];  [10-20];  [20-30];  >30. 
Capacities:  <0.01;  [0.01-0.05];  [0.05-0.1];  [0.1-0.2];  [0.2-1];  [1-2];  [2-5];  > 5.
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linalool/thymol 
linalool/carvacrol

New ILs must be evaluated

Low Capacities
COSMO-RS
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[C4mim]Cl 
Experimental

[C4mim][CH3SO3] 
Experimental

[C4mim][(CH3)2PO4] 
Experimental

[C4mim][CF3SO3] 
Experimental



Chapter 3. Extraction, Production and Deterpenation

Selectivities:  [1-2];  [2-4];  [4-10];  [10-20];  [20-30];  >30. 
Capacities:  <0.01;  [0.01-0.05];  [0.05-0.1];  [0.1-0.2];  [0.2-1];  [1-2];  [2-5];  > 5.
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COSMO-RS

The model is able to correctly estimate the order of selectivities and capacities

[C4mim]Cl [C4mim][CH3SO3] [C4mim][(CH3)2PO4] [C4mim][CF3SO3]



Chapter 3. Extraction, Production and Deterpenation

Higher selectivities: polar anions
[OAc]-

Higher capacities: nonpolar cations
[P66614]+

Selectivities:  [1-2];  [2-4];  [4-10];  [10-20];  [20-30];  >30. 
Capacities:  <0.01;  [0.01-0.05];  [0.05-0.1];  [0.1-0.2];  [0.2-1];  [1-2];  [2-5];  > 5.

COSMO-RS screening
best results
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Chapter 3. Extraction, Production and Deterpenation

[N1111]Cl, [N2222]Cl, [N3333]Cl and fatty acids

Choline chloride and fatty alcohols or fatty acids

Solid-liquid phase 
diagrams 

characterization

PC-SAFT

Melting properties estimated indirectly
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II. Deep Eutectic Solvents

Design of novel DES

to be used in terpenes separation



[N1111]Cl

[N2222]Cl

[N3333]Cl 

Capric acid

Lauric acid

Myristic acid

Palmitic acid

Stearic acid

HBD
HBA

Chapter 3. Extraction, Production and Deterpenation

DSC + Visual methods

o Very large negative deviation from ideal-
mixture behavior

o Large melting-temperature depressions (up to
300 K) – Deep Eutectic Solvents

o Single-eutectic type behavior

o Eutectic temperature very close to the melting
temperature of pure carboxylic acid

o Modelling performed applying the molecular
based PC-SAFT EoS

 experimental; ― PC-SAFT; -- ideal

20

[N1111]Cl

Lauric acid +

[N2222]Cl

[N3333]Cl



Chapter 3. Extraction, Production and Deterpenation

Decomposes upon melting

DES

 Tfus,[Ch]Cl=597±7 K

 fusH[Ch]Cl=4300±600 J·mol-1

 Tfus,[Ch]Cl = ??
 fusH[Ch]Cl = ??

[Ch]Cl+Ionic compounds 

Ionic compounds: () [Ch][Ac]; ()[Ch][Prop]; () [Ch][Buta]; ()[N4444]Cl; ()[P4444]Cl; () [BzCh]Cl; ()[C4mpyr]Cl;
()[Ch][NTf2]; ()[C2mim]Cl; ()[C2OHmim]Cl.

quasi-ideal 
liquid phases

Thermodynamic consistency tests

SLE prediction with COSMO-RS model

21
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Chapter 3. Extraction, Production and Deterpenation

[Ch]Cl

Fatty alcohols 

Fatty acids 
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Tetradecanoic acid

1-tetradecanol 1-hexadecanol 1-octadecanol

Decanoic acid Hexadecanoic acidDodecanoic acid Octadecanoic acid
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 Low positive deviations from ideal
behavior

 Eutectic points exhibit slightly higher
temperatures compared to those of
ideal liquid mixtures

Visual method

Simple eutectic systems

22Dashed lines represent the ideal solubility curves



23



Chapter 4. Environmental Impact

“Here, high in air, unconscious of the storm, Thy temple, NATURE, rears its mystic 
form…” Erasmus Darwin, Temple of nature (1803)

•Development of accurate models for the fate
of terpenes in the environment

•Development of predictive theoretical models
for physicochemical properties

Physicochemical 
Properties

Critical Properties 
Water Solubility

24



Chapter 4. Environmental Impact

Critical Properties

ARD 0.14 % 

 Densities → This Work

 Vapor pressure → Literature

Tc – Critical Temperature
Pc – Critical Pressure
ω – Acentric Factor

25



Chapter 4. Environmental Impact

Critical Properties
I. Estimation of critical properties using group contribution methods and EoS
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Density Vapor Pressure

Joback’s method with the Peng-Robinson EoS

 ω show higher deviations than critical
properties

 The largest deviations are presented by
(S)-(+)-carvone and (–)-menthone

 Non-cyclic compounds present the lowest
deviations
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Problems in low temperature range for densities

Correct temperature trend for vapor pressures

Cubic EoS should be used with precaution 
when estimating densities of liquids!
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Chapter 4. Environmental Impact

Critical Properties
II. Estimation of critical properties using experimental data and EoS
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 Values are in the same range to those
estimated by group contributions methods

 Critical properties are usually higher in SRK

%ARD:       3.16        0.62

%ARD:       3.61        0.66
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Average Relative Deviation

 Obtained estimated values correlated well
with the experimental data



Chapter 4. Environmental Impact

Water Solubility

Ionic Liquids

Terpenes

Experimental 
Methodology…?

Solubility of Ionic Liquids in Water

(A), PID temperature controller; (B), Isolated air bath; (B1)
Aluminum block; (B2), Pt100 (class 1/10) temperature sensor;
(B3), Thermostatic fluid; (C), Refrigerated bath

Inappropriate → formation of 
emulsions
Overestimated solubility values
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Chapter 4. Environmental Impact

Water Solubility

N-(diethylaminothiocarbonyl)benzimido

derivatives

Terpenes

Experimental 
Methodology…?

A: Test tubes, B: dialysis tubing
containing ultra-pure water, C: sampling
glass tube, D: rubber cup, E:
thermostatized bath, F: stirrer

Ultrasonic 
Agitation, 1h

Equilibrium
24h

UV-Vis
Measurements

Validation: Solid Substances 
Naphtalene



A saturated aqueous solution is generated

within a dialysis tubing, sampled and

diluted in 65% (mass percentage in solute

free basis) methanol
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Chapter 4. Environmental Impact

Water Solubility: Terpenes

Validation: Liquid Substances 
Toluene & p-xylene
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Colorful filled symbols: This work; Other symbols 
and lines: Literature
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b)

Coefficient of variation maximum: 10.8%

New experimental method provides accurate aqueous 
solubility data for these sparingly soluble compounds

COSMO-RS 
SPARC
UNIFAC
EPI Suite

The computational methods used were not able to predict 
satisfactorily the solubility values or the solubility ranking 
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Chapter 4. Environmental Impact

Water Solubility: Terpenes
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Filled symbols: This work; Open symbols: Literature.

Comparison with Literature

Geraniol Linalool DL-citronellol Thymol

Eugenol Carvacrol p-cymene

 Few reliable literature data are available - poorly illustration of the behavior with temperature

 Literature errors may be attributed to deficient saturation and sampling techniques
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Chapter 4. Environmental Impact

Environmental Distribution Chemical space diagram 

Environment is modelled as

volumes of air, water, and

octanol (organic fraction: soils

and sediments).

First screening of compounds

with respect to their probable

distribution in the environment

once released.
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Final Remarks and Future Work

Sustainable hydrophobic solvents based on
terpenes were prepared and characterized

ILs were evaluated in the terpenes separation;
DES were designed for the same purpose

Solubilities of terpenes in water were
measured and a set of critical properties
estimated

Novel 
Techniques

SLE Phase 
diagrams

γ∞ Water 
Solubilities
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Final Remarks and Future Work

Sustainable hydrophobic solvents based on
terpenes were prepared and characterized

ILs were evaluated in the terpenes separation;
DES were designed for the same purpose

Solubilities of terpenes in water were
measured and a set of critical properties
estimated

Modelling, characterization and extraction ability

γ∞ of terpenes in DES and experimental extraction tests

Additional aqueous solubilities
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Obrigada, Thank you, Dziękuję! 







PC-SAFT

Perturbed-Chain Statistical Associating Fluid Theory

𝑎𝑟𝑒𝑠 = 𝑎ℎ𝑐 + 𝑎𝑑𝑖𝑠𝑝 + 𝑎𝑎𝑠𝑠𝑜𝑐



Chapter 3. Extraction, Production and Deterpenation

GLC method

Chromatograph Clarus 500, (A)
data acquisition; (B) heated on-
column injector; (C) thermal
conductivity detector (TCD); (D)
carrier gas; (E) gas flow meter, and
(F) chromatograph display.

Column Preparation

Methanol 
evaporation

Column filling
Final column

Filling


