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1. Summary 

Terpenes belong to what is probably the largest and most diverse class of natural products with 

applications in several industries due to their flavor, and fragrance features. Their high number, 

variety of structures and chemical complexity, make of them a class of compounds for which 

many different and important studies are to be carried out, and questions to be answered both 

concerning their thermophysical properties and phase equilibria, and their impact in the 

extraction and purification processes as well as on their environmental impact. Both are relevant 

for technological developments in the biorefinery era, where these compounds may play an 

important role given their ubiquity, economic value and variety of applications. This thesis is 

related to terpenes extraction from natural sources and their subsequent separation and 

purification. Besides to the development of new experimental procedures for thermodynamic 

properties and equilibrium measurements, some theoretical approaches were also applied to 

this end. To create new applications for terpenes, and taking advantage of their very low 

solubility in water as shown by new and accurate experimental determinations, terpenes are 

used to prepare sustainable and cheap hydrophobic solvents within the deep eutectic solvents 

framework. After, based on the activity coefficients at infinite dilution measurements and 

COSMO-RS predictions a selection of ILs was made with potential for terpenes fractionation. Yet, 

and aiming at the development of new separation processes of terpenes, deep eutectic solvents 

composed of ammonium salts and monocarboxylic acids were also formulated and 

characterized. Finally, and targeting the development of accurate models for the fate of 

terpenes in the environment, a range of essential physicochemical properties of terpenes were 

measured and modelled. 
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2. Problem Addressed 

With more than 55000 structures and a large range of applications in several industries, terpenes 

are a very important research topic. However, due to the high number of structures and their 

complexity, there are still a lot of knowledge to be gathered and questions to be answered. This 

thesis aims at contributing to deepen the understanding of terpenes concerning their 

applications; their extraction, production or deterpenation; and the environmental problems 

associated with natural and anthropogenic emissions. To a better understanding of this work, a 

schematic representation is presented in Figure 1. 

 

Figure 1. Schematic illustration of the work developed on this thesis. 

Taking advantage of their very low solubility in water, terpenes arise as suitable candidates to 

prepare sustainable hydrophobic solvents to be used in novel processes and products. To the 

best of our knowledge, so far, only a few works reported hydrophobic eutectic mixtures and, 

among them, those that are liquid at room temperature are very limited. Moreover, the absence 

of phase diagrams is common, despite the important information they can provide on the range 

of compositions and temperatures for operating these systems. Chapter 2 deals with eutectic 

solvents and deep eutectic solvents composed by terpenes and monocarboxylic acids, and 

mixtures of terpenes. Phase diagrams are characterized and analyzed in the whole composition 

range, and physicochemical properties of the eutectic point explored. 
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To be used in industrial applications, terpenes must first be extracted from their natural sources, 

most often as essential oils. In the fractionation of these essential oils for the production of pure 

terpenes or their deterpenation, noxious organic solvents are commonly used. In order to 

replace them and to develop more efficient processes, this work investigates the use of neoteric 

solvents: ionic liquids and deep eutectic solvents. Chapter 3 addresses the ability of ILs to act as 

entrainers in separation processes and the selection of ILs as separation agents of terpenes and 

terpenoids – both using measurements of activity coefficients at infinite dilution and, for 

terpenes, the design of better ionic liquids based on COSMO-RS predictions. Based on the results 

of this work, the design of novel DES, composed of ammonium salts and monocarboxylic acids, 

are carried out and the DES solid-liquid phase diagrams characterized and modeled with PC-

SAFT. Moreover, being choline chloride the most used salt used to prepare DES and since the 

compound decomposes upon melting, its melting properties are indirectly estimated from solid-

liquid equilibria data. New eutectic systems formed by choline chloride and a fatty alcohol, or a 

fatty acid are then prepared and characterized.  

Many plants release scented vapors formed mainly by monoterpenes. Labeled recently as 

volatile organic compounds, these turn into aerosols once in the atmosphere. Moreover, the 

emerging applications of terpenes are leading to the increase of their anthropogenic production 

and thus, their fate in the air, soil and aquatic compartments is concerning the 

environmentalists. Thus, in Chapter 4, a range of essential physicochemical properties of 

terpenes are accurately measured and modelled or calculated, contributing for the development 

of accurate models for the fate of terpenes in the environment, and to develop predictive 

theoretical models for these properties. When deriving the activity coefficients at infinite 

dilution, the lack of physical properties was noted, namely the critical properties – essential to 

many thermodynamic models. Accordingly, the first work presented in this chapter responds to 

this using group-contribution methods and equations of state for the estimation of critical 

properties of terpenes, and the best set is recommended.  In another context, since ILs have 

been studied to extract and fractionate terpenes, their environmental fate, especially in water, 

is also important. Thus, the mutual solubilities, densities and viscosities for a range of ILs and 

water are measured and discussed and the same experimental method is then applied to 

measure the solubility of terpenes in water. However, it proved to be inappropriate due to the 

formation of emulsions after stirring which cause sampling problems. A new technique is then 

developed and firstly applied to sparingly soluble N-(diethylaminothiocarbonyl)benzimido 

derivatives providing accurate results and thus applied to determining the solubility of terpenes 

in water. Moreover, the measured properties, along with some others from literature, are used 
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to draw a two-dimensional plot describing a hypothetical chemical space that allows a first 

screening of compounds with respect to their probable distribution in the environment once 

released. 

3. State of the Art 

At a time when new chemical products are increasingly sought after to address societal needs 

without neglecting the growing focus on a greener, more environmentally friendly and 

sustainable development, it seems appropriate to emphasize the topic of natural and renewable 

sources for these compounds. These trends are spurring the demand for research, development 

and innovation of natural products.1 Essential oils are one of the most important classes of 

natural products with application in food, pharmaceutical, cosmetics, fine chemicals and 

perfumery industries due to their flavor, fragrances and spices. They are also used as precursors 

in syntheses of new drugs and as sources of complex aromatic derivatives. Per year circa 100,000 

tons of volatile essential oils, with a value of about 1 billion US$, are produced worldwide. In 

2015, the total world fragrance and flavor market was estimated to be approximately US$ 24 

billion, a 33% growth from 2006.2,3 Besides from the volatile oils, 250,000-300,000 tons of 

turpentine are also produced, from which about 100,000 tons are used for the production of 

terpenes such as camphor, camphene, limonene and p-cymene.4 As far as essential oils are 

concerned, terpenes are the largest and most important class of natural products. 

Terpenes have been used since the Egyptians5 and their importance both in nature and for 

human related applications is huge. One of the reasons for their widespread use is the 

abundance and diversity of these compounds; they are found in all living organisms. Using a 

basic five carbon building block, the isoprene, nature creates an array of compounds with an 

wide range of structural variations and a vast number of purposes.6 Many plants as balm trees, 

caraway, carnation, citrus fruits, conifer wood, coriander, eucalyptus, lavender, lemon grass, 

lilies, peppermint species, roses, rosemary, sage, thyme and violet, are known due to their 

aroma, taste and medicinal properties, being terpenes the main responsible for these 

properties. With more than 55.000 different structures,7,8 the properties and applications of this 

class of natural compounds are difficult to overstate. Many of them are considered as GRAS 

(Generally Recognized As Safe)9 and their importance makes them attractive to be used in 

diverse industries as pharmaceutical,10 food additives,11 cosmetics,6 perfumery,6 fine chemicals12 

and agriculture.12 
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Due to their biological importance and particular properties, the study of these natural products 

led to the discovery of an enormous variety of useful drugs for the treatment of diverse diseases. 

In the pharmaceutical field terpenes are used as excipients to enhance skin penetration, active 

principles of drugs and components of non-prescription drugs.10 In 2002, the market of terpene-

based pharmaceuticals generated about US$ 12 billion.10 The anticancer taxol and the 

antimalarial artemisinin are two of the better-known terpene-based drugs.13 Menthol and 

camphor are non-prescription drugs widely used in the pharmaceutical field. In 2015, the sales 

of Salonpas (5.7% menthol and 1.12% camphor),14 a famous topical analgesic, in the United 

States reached US$ 60.1 million.15 In the food industry, terpenes are also very attractive due to 

their several appealing properties that allow them to be used as safer alternatives to chemical 

additives.16,17 The culinary herbs basil, cinnamon, coriander, cumin, lavender, mint, oregano, and 

rosemary; and trees like eucalyptus, fir and myrtle are famous sources of terpenes.11 When 

added to chocolate products, limonene was proposed as a reducer of the fat content and 

viscosity and therefore its addition can improve the final product quality.18,19 Fragrances make 

terpenes and essential oils the most important natural products used by the cosmetic and 

perfumery industries since ancient times. According to Euromonitor International20 the beauty 

industry generated US$ 465 billion in sales in 2014, with a 5 per cent yearly growth, being China 

and Brazil the most promising markets. This is an evidence that the global demand for cosmetics 

and perfumes, and consequently essential oils, is still an extremely important and profitable 

market. There are more than 3000 known essential oils and from these, around 300 are used 

commercially in the flavor and fragrances market.16  

Aiming at the development of new applications for this important class of compounds and taking 

advantage of their hydrophobic character, a part of this thesis is devoted to the attempt to 

prepare sustainable and cheap hydrophobic solvents from mixtures of terpenes combined with 

other terpenes or other organic solvents or chemicals – Chapter 2.  

For the production of pure terpenes from natural materials,21 or for the deterpenation, the 

separation of terpenes is of the utmost importance, being an area regarding eagerly for new 

technological developments. Thus, to replace noxious organic solvents used in the terpenes 

production or essential oils deterpenation and to increase the process yield, Chapter 3 

investigates the potential of ionic liquids for terpenes fractionation. Moreover, another classes 

of neoteric solvents, the deep eutectic solvents, are formulated and characterized aiming at the 

development of new separation processes. 
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With the advent of the biorefinery, and the increasing importance and volume of terpene 

production and applications, especially in the fragrance and flavor, pharmaceutical and chemical 

industries, their environmental impact needs to be considered. Over the last years, the role of 

terpenes as biogenic volatile organic compounds (BVOC) as well as in aerosol formation became 

an important topic of research on the chemistry of the atmosphere, with a new emphasis on the 

ongoing climate change debate.22–24 It is thought that, on a global scale, volatile organic 

compounds of biogenic origin exceed by far the amount of anthropogenic emissions, while this 

is not necessarily true on a regional scale, regarding industrialized and heavily encumbered 

areas.  

In order to contribute to the development of accurate models for the fate of terpenes in the 

environment, on this thesis a range of physicochemical properties such as densities, water 

solubilities and critical properties will be accurately measured and/or estimated – Chapter 4. 

Moreover, water solubilities, vapor pressure and octanol-water partition coefficients can 

describe a hypothetical chemical space that allows a first screening of compounds with respect 

to their probable distribution in the environment once released. 

The natural emissions of terpenes cannot be targeted for intervention unlike the anthropogenic. 

Thus, the researchers goal must be the search of strategies and technologies to reduce the 

environmental impacts of terpenes from biorefineries. For this purpose, aiming at maximizing 

efficiency and minimizing waste new eco-friendly solvents will be here investigated. 

4. Key Innovations 

Along this work a novel technique for the solubility measurement of sparingly soluble 

compounds in water was developed, validated and successfully applied for several compounds. 

Moreover, aiming at the measurement of activity coefficients at infinite dilution in the University 

of Aveiro, the experimental procedure used in the Warsaw University of Technology was here 

implemented for the first time. In the deep eutectic solvents framework, a visual methodology 

to measure the solid-liquid phase diagrams of mixtures and pure compounds using an automatic 

glass capillary device was developed and validated. On the other hand, the theoretical approach 

to estimate the critical properties of terpenes as well as the strategy to test the capability of 

COSMO-RS to investigate ionic liquids with potential for terpenes fractionation deserves also to 

be noticed. 
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5. Applications 

Within the framework of neoteric solvents, the work developed investigates the thermophysical 

properties, phase equilibria and environmental impact of terpenes, as well as ionic liquids and 

eutectic and deep eutectic solvents. These are relevant for the development of the biorefinery 

where these compounds and mixtures may play an important role given their interesting 

properties and applications. In particular, the use of eutectic solvents based on terpenes was 

already tested in the separation of metals showing very promising results as can be seen in 

“Sustainable Hydrophobic Terpene-Based Eutectic Solvents for the Extraction and Separation of 

Metals, Nicolas Schaeffer, Mónia A. R. Martins, Catarina M. S. S. Neves, Simão P. Pinho, João A. 

P. Coutinho, Chemical Communications 54, 8104–8107 (2018), DOI: 10.1039/C8CC04152K”. 

Additionally, the reliable experimental physico-chemical property data measured here are also 

of enormous importance for direct industrial applications and to the improvement of existent 

computational methods aiming for properties prediction in such a vast family of compounds.  

6. Implementations and Results 

The present work reports a comprehensive study on terpenes properties and phase equilibria, 

that are a contribution for the development of novel terpenes applications, their extraction, and 

studies addressing their environmental fate.  

First, and inspired by the lack of well characterized hydrophobic eutectic mixtures to be used in 

novel processes and products, sustainable hydrophobic solvents based on terpenes and 

monocarboxylic acids – and liquid at room temperature – were successfully prepared and 

characterized. Mixtures between terpenes and monocarboxylic acids form normal eutectic 

solvents while some mixtures of terpenes form the so called deep eutectic solvents.  

To be used in different applications pure terpenes must be extract from essential oils and 

subsequently fractionated, and ionic liquids were here evaluated to that purpose. Results show 

that ILs may replace conventional entrainers applied for the separation processes of 

aliphatic/aromatic hydrocarbons and, concerning terpenes the most effective ILs would require 

polar anions to improve selectivity and non-polar cations to increase capacity. Based on the later 

conclusions, it was decided to design deep eutectic solvents for the same purpose. Ammonium 

salts were combined with fatty alcohols or fatty acids and novel DES and simple eutectic 

mixtures designed and their solid-liquid phase diagrams characterized and modeled.  
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When envisaging large-scale applications terpenes will inevitably end in the environment. 

Anthropogenic releases allied to their natural emissions are concerning the environmentalists. 

In this context, the solubilities of terpenes in water were determined confirming their 

hydrophobicity and a set of critical properties was estimated and recommended.  A derived two-

dimensional plot describing a hypothetical chemical space shows that in general and despite 

their low solubility in water, terpenes are partitioning into the three environmental 

compartments. 

References 

(1)  Rowe, D. J. Chemistry and Technology of Flavours and Fragrances; Rowe, D., Ed.; Blackwell 

Publishing Ltd, 2005. 

(2)  Associates&Leffingwell. 2011 - 2015 Flavor & Fragrance Industry Leaders 

http://www.leffingwell.com/top_10.htm (accessed Sep 2, 2016). 

(3)  Associates&Leffingwell. 2005 - 2009 Flavor & Fragrance Industry Leaders 

http://www.leffingwell.com/top_10_2009.htm (accessed Sep 1, 2016). 

(4)  Swift, K. A. D. Flavours and Fragrances; Woodhead Publishing Limited: Cambridge England, 1997. 

(5)  Zwenger, S.; Basu, C. Plant Terpenoids: Applications and Future Potentials. Biotechnol. Mol. Biol. 

Rev. 2008, 3 (1), 1–7, DOI 10.5897/BMBR. 

(6)  Sell, C. A Fragrant Introduction to Terpenoid Chemistry; The Royal Society of Chemistry: 

Cambridge, UK, 2003. 

(7)  Buckingham, J. Dictionary of Natural Products; CRC Press, 1994. 

(8)  Maimone, T. J.; Baran, P. S. Modern Synthetic Efforts toward Biologically Active Terpenes. Nat. 

Chem. Biol. 2007, 3, 396–407, DOI 10.1038/nchembio.2007.1. 

(9)  Werf, M. van der; Bont, J. de; Leak, D. Opportunities in Microbial Biotransformation of 

Monoterpenes. Adv. Biochem. Eng. Biotechnol. 1997, 55, 147–177. 

(10)  Guimarães, A. G.; Serafini, M. R.; Quintans-Júnior, L. J. Terpenes and Derivatives as a New 

Perspective for Pain Treatment: A Patent Review. Expert Opin. Ther. Pat. 2014, 24 (3), 243–265, 

DOI 10.1517/13543776.2014.870154. 

(11)  Patel, S. Plant Essential Oils and Allied Volatile Fractions as Multifunctional Additives in Meat and 

Fish-Based Food Products: A Review. Food Addit. Contam. Part A 2015, 32 (7), 1049–1064, DOI 

10.1080/19440049.2015.1040081. 

(12)  Schwab, W.; Fuchs, C.; Huang, F.-C. Transformation of Terpenes into Fine Chemicals. Eur. J. Lipid 

Sci. Technol. 2013, 115 (1), 3–8, DOI 10.1002/ejlt.201200157. 



9 
 

(13)  Wang, G.; Tang, W.; Bidigare, R. R. Terpenoids As Therapeutic Drugs and Pharmaceutical Agents. 

In Natural Products; Humana Press: Totowa, NJ, 2005; pp 197–227. 

(14)  Feucht, C. L. Analgesics and Anti-Inflammatory Medications in Sports: Use and Abuse. Pediatr. 

Clin. North Am. 2010, 57 (3), 751–774, DOI 10.1016/j.pcl.2010.02.004. 

(15)  Monks, R. Natural Ingredients, Rapid Relief Top of Mind. DSN: Drug Store News. 2015. 

(16)  Hyldgaard, M.; Mygind, T.; Meyer, R. L. Essential Oils in Food Preservation: Mode of Action, 

Synergies, and Interactions with Food Matrix Components. Front. Microbiol. 2012, 3, 12, DOI 

10.3389/fmicb.2012.00012. 

(17)  Lewis, D. F. V.; Ioannides, C.; Walker, R.; Parke, D. V. Safety Evaluations of Food Chemicals by 

“Compact” 1. A Study of Some Acyclic Terpenes. Food Chem. Toxicol. 1994, 32 (11), 1053–1059, 

DOI 10.1016/0278-6915(94)90146-5. 

(18)  Do, T.-A. L.; Vieira, J.; Hargreaves, J. M.; Wolf, B.; Mitchell, J. R. Impact of Limonene on the Physical 

Properties of Reduced Fat Chocolate. J. Am. Oil Chem. Soc. 2008, 85 (10), 911–920, DOI 

10.1007/s11746-008-1281-3. 

(19)  Beckett, S. T. Preparation of Chocolate Products with Limonene to Reduce Fat Content, 2001. 

(20)  Euromonitor International http://www.euromonitor.com/ (accessed Sep 2, 2016). 

(21)  Kirk-Othmer Encyclopedia of Chemical Technology, 3rd Edition; Wiley: New York, 1982. 

(22)  Guenther, A.; Hewitt, C. N.; Erickson, D.; Fall, R.; Geron, C.; Graedel, T.; Harley, P.; Klinger, L.; 

Lerdau, M.; McKay, W. A.; et al. A Global Model of Natural Volatile Organic Compound Emissions. 

J. Geophys. Res. Atmos. 1995, 100 (D5), 8873–8892, DOI 10.1029/94JD02950. 

(23)  Kesselmeier, J.; Staudt, M. Biogenic Volatile Organic Compounds (VOC): An Overview on Emission, 

Physiology and Ecology. J. Atmos. Chem. 1999, 33 (1), 23–88, DOI 10.1023/A:1006127516791. 

(24)  Ehn, M.; Thornton, J. A.; Kleist, E.; Sipilä, M.; Junninen, H.; Pullinen, I.; Springer, M.; Rubach, F.; 

Tillmann, R.; Lee, B.; et al. A Large Source of Low-Volatility Secondary Organic Aerosol. Nature 

2014, 506 (7489), 476–479, DOI 10.1038/nature13032. 

 


