
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Influence of still design and modelling of the behaviour of
volatile terpenes in an artificial model gin

Citation for published version:
Hodel, J, O'Donovan, T & Hill, AE 2021, 'Influence of still design and modelling of the behaviour of volatile
terpenes in an artificial model gin', Food and Bioproducts Processing, vol. 129, pp. 46-64.
https://doi.org/10.1016/j.fbp.2021.07.002

Digital Object Identifier (DOI):
10.1016/j.fbp.2021.07.002

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Food and Bioproducts Processing

Publisher Rights Statement:
© 2021 Institution of Chemical Engineers.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.fbp.2021.07.002
https://doi.org/10.1016/j.fbp.2021.07.002
https://researchportal.hw.ac.uk/en/publications/12cfa425-75b6-4ef5-be68-a8afcc177f4f


 

1 

Food and Bioproducts Processing 

Influence of still design and modelling of the behaviour of volatile terpenes in an 

artificial model gin 

Jan Hodel1,2, Tadhg O'Donovan1, Annie E. Hill1,2* 
1School of Engineering and Physical Sciences. Heriot-Watt University. Riccarton. 

Edinburgh. UK. 
2International Centre for Brewing and Distilling, Heriot-Watt University. Riccarton. 

Edinburgh. UK. 

* Correspondence: A.Hill@hw.ac.uk , +44 (0) 131 451 3458 

 

Abstract:  

Behaviour of volatile compounds in gin distillation using a batch column laboratory still has 

been investigated altering distillation parameters such as reflux strategy, pressure, and still 

design (column configuration). The distillate was separated into four equal fractions and ten 

volatile terpenes were quantified. Experimental values were compared to calculated data 

using a dynamic model calculated with ProSim BatchColumn software using a non-random 

two-liquid model to describe the interaction between solvents and terpenes. In the simulation 

different terpenes were considered and clustered into three group profiles. The monoterpene 

group was found to be the most volatile resulting in the highest concentration in the first 

fraction and depleting towards the end. The oxygenated terpenes increased in concentration 

with depleting ethanol concentration in the still and were therefore the least volatile 

compounds whereas the two representatives of the sesquiterpenes were found to be semi 

volatile. Changes in the column configuration resulted in major differences in the total 

concentration of terpenes extracted. The change of reflux strategy resulted in a higher 

concentration of the more volatile fraction at the higher reflux ratio chosen. The model 

showed a moderate agreement with the experimental data and only the monoterpenes 

considered showed good agreement. 
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1. Introduction 

Distilled spirits can be produced from a wide range of raw materials, traditionally those which 

were domestic and readily available. Alcohol production is comprised of saccharification, 

extraction of fermentable sugar, anaerobic fermentation and distillation (Jacques et al., 1999). 

The distillation step itself can be carried out in batch, e.g. for whisky production (Russell et 

al., 2014), continuous, e.g. rum production (Nicol, 2003), and semi continuous process, e.g. 

Armagnac (Bertrand, 2003). Each method is chosen in order to influence the overall presence 

of aroma active congeners in the final distillate (Stichlmair, 2010). Gin, however, is a 

flavoured spirit which uses a neutral alcohol or grain neutral spirit (GNS) similar to vodka to 

extract flavour compounds from plant material, commonly known as botanicals (Aylott, 

2003). Knowledge of the distillation process and the behaviour of volatile and flavour active 

compounds is of great interest to distillers. Naturally, monitoring the behaviour over time 

and investigating the relative volatility in relationship to water and ethanol is part of the first 

research undertaken. It has been shown that different congeners in whisky production can be 

divided into different groups and displayed over a course of time or peaks in concentrations 

in each phase if column trays are considered (Campbell, 2003). In a similar manner, research 

has been conducted on batch distillation for tequila considering higher alcohols, esters and 

furans among others (Rogelio et al., 2005). Considering fruit as a raw material, García-

Llobodanin et al. (2007) investigated the congener behaviour in pear spirits by measuring 

multiple fractions using different still types. Research considering terpenes, the most 

abundant flavour active compounds in gin (Clutton and Evans, 1978), was conducted by 

Arrieta-Garay et al. (2014). Their research compared distillates using two types of stills: a 

basic alembic and a packed column system. They concluded that the terpene concentration 

in each fraction was higher in the packed column distilled spirit. Manipulation of internal 

reflux in Muscat wine spirits monitoring linalool among other compounds was reported by 

Rodríguez-Bencomo et al. (2016). An investigation of different reflux strategies using a 

packed batch column distillation for Muscat wine distillation was conducted by Matias-Guiu 

et al. (2016) and measured the concentration of terpene compounds such as limonene and 

linalool. It was found that a reduction of reflux ratio had an increased effect on the terpene 

concentration in the middle fraction.  

In addition to monitoring, process simulation is of great importance. It provides 

enhancements on quality control, new process design, and the opportunity for process 

optimisation (Batista et al., 2013a; Batista and Meirelles, 2011; Luna et al., 2019). Different 

approaches are available and have been reported for multiple spirits (Table 1). A very 

common theme is the recommended usage of a heterogeneous approach using the NRTL 

(non-random two liquid) model (Renon and Prausnitz, 1968; Valderrama et al., 2012a). 

Although some research considered terpenes within their research only the work of Esteban-

Decloux et al. (2014) focusses on water-ethanol plus terpenes solely. Using a commercial 

software tool (ProSim BatchColumn) the behaviour of terpenes such as α-pinene, d-

limonene, linalool and linalool oxide in bitter orange distillate was investigated. To describe 

the fractionation process of essential oil distillation, Almeida et al. (2018) calculated 

thermodynamic properties for different terpenes using a group contribution method and using 



 

3 

a dynamic model with the COSMO-SAC model (conductor-like screening model-segment 

activity coefficient) for the activity coefficients (Lin and Sandler, 2002). Based on the 

limitation they calculated vapour pressure data for terpenes with Corresponding-States with 

group contribution (Li et al., 1994). Another way of calculating thermophysical data is 

COSMO-RS (conductor-like screening model - real solvents), which is extensively explained 

by Eckert and Klamt (2002). Mostly applications on terpenes and solvent performance are 

available (Chaabani et al., 2020; Filly et al., 2016; Ozturk et al., 2018; Ozturk and Gonzalez-

Miquel, 2019) but applications on the prediction of vapour pressure, e.g. α and β-pinene, 

have been reported too (Wagner et al., 2019). 

Research on the gin distillation process itself is scarce. Early research on flavour control 

mentions ‘the influence of reflux on gin, but no quantification of volatile aroma compounds’ 

has been carried out (Willkie et al., 1937). Further research investigated the constituents in 

the final product, origin and the quantification methods itself (Clutton and Evans, 1978; Vichi 

et al., 2008, 2005). Investigations of the gin distillation process using high vacuum (0.1 

mmHg) have been made, comparing the total distillate to an atmospheric distilled version 

using the same botanical ratios (Greer et al., 2008). Recent research investigated the 

differences of steep extraction of botanicals in the boiler vs. vapour infusion extraction in the 

vapour chamber, with fixed distillation parameters and still set up (Hodel et al., 2019). This 

work was extended further on the extraction of volatile terpenes in vapour infusion by 

changing distillation parameters paired with functional theory calculations of quantitative 

structure–activity relationship properties. The investigated oxygenated monoterpenes were 

found to be the most polar compounds, and these were affected greatest by the initial ethanol 

concentration of the charge (Hodel et al., 2020). This research examines the behaviour of 

common volatile terpenes in gin distillation and their relationship to water and ethanol. A 

further objective is the investigation of the influence of different distillation operations and 

the simulation of the most expressive still combination at atmospheric pressure by usage of 

prediction tools for vapour pressure and binary impact parameter (BIP). 
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Table 1 Overview of models used, simulation approaches and predictive methods for spirit distillations  (extended from Puentes et al., 2018a) 

Spirit Model / 

Data comparison 

Equipment /  

Software 

Mixtures studied (incl. water + ethanol) Authors 

Whisky 

DAE by a Runge–Kutta method 

VLE of minor compounds depends on 

ethanol concentration 

Data compared to literature data 

Batch - Pot 5 Groups: acid, aldehyde and acetal, alcohol, 

esters and other 

(Ikari and 

Kubo, 1975) 

Whisky 

Vapour phase: Ideal gas 

Liquid phase: NRTL 

Comparison with literature data 

Continuous column 

(Coffey)/ 

Aspen Plus® 

n-propanol, iso-butanol, iso-amyl alcohol, 

acetaldehyde 

(Gaiser et 

al., 2002) 

Pisco 

DAE for mass and heat balance, equilibrium, 

flowrates and reaction kinetics, ANN  

Vapour phase: Ideal gas 

Liquid phase: van Laar for water-ethanol, 

UNIFAC for aroma compounds 

No experimental data 

Batch column/ 

in-house 

development 

methanol, ethyl hexanoate, octanoic acid, 

linalool 

(Osorio et 

al., 2004) 

Neutral 

Alcohol 

Vapour phase: Ideal gas 

Liquid phase: UNIFAC 

No experimental data 

Continuous column/ 

ProSim Plus 

methanol, n-propanol, iso-butanol, isoamyl 

alcohol; ethanal, ethyl ethanoate 

(Decloux 

and Coustel, 

2005) 

Pisco 

Based on Osorio 2004  

Comparison to lab scale experiments and 

commercial spirit 

Batch column/ 

in-house 

development 

artificial wine mixture: ethyl hexanoate, ethyl 

octanoate, cis-3-hexen-1-ol, isoamyl alcohol, 

octanoic acid, linalool and acetaldehyde 

(Osorio et 

al., 2005) 

Pisco 

PSRK equation of state, UNIFAC liquid 

phase model, NRTL and UNIQUAC 

Compared with literature data 

Batch column 1-propanol, 1-pentanol, 2-methyl-1-propanol, 

3-methybutanol, methanol, furfural, ethyl 

acetate, acetaldehyde 

 

(Faúndez et 

al., 2006) 
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Cachaça 

VLE correlation with Hayden and O’Connell 

model and NRTL, DAE for mass balance, 

heat balance, enthalpy, heat loss 

Experimental data from lab scale wine 

distillation 

Batch – Pot/ 

in-house 

development + 

Aspen Plus® 

methanol, propanol, iso-butanol, isoamyl 

alcohol, ethyl acetate, acetaldehyde, acetic acid 

(Scanavini 

et al., 2010) 

Cachaça 

Vapour phase: Virial equation with Hayden-

O’Connell model for fugacity coefficients 

Liquid phase: NRTL for activity coefficients 

Continuous / 

Column (Plates)/ 

Aspen Plus® 

isopropanol, propanol, iso-butanol, isoamyl 

alcohol, ethyl acetate, acetaldehyde, acetone, 

acetic acid, CO2 

(Batista and 

Meirelles, 

2011) 

Pisco 

DAE for VLE, mass and energy balances, 

mass transfer, liquid properties, NRTL for 

activity coefficients 

Batch column 

(packed)/ 

in-house 

development 

methanol (Carvallo et 

al., 2011) 

Cachaça 

Based on Scanavini 2010 Batch – Pot/ 

in-house 

development + 

Aspen Plus® 

acetaldehyde, acetic acid, ethyl acetate, 

isoamyl alcohol and methanol 

(Scanavini 

et al., 2012) 
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Whisky 

Brandy 

Neutral 

Alcohol 

Case study of double distilled whisky, batch 

column distilled brandy and neutral alcohol 

production with continuous distillation by 

using NRTL model. Comparison with 

literature data 

Batch - Pot 

Batch column 

Continuous Column/ 

ChemCAD 

n-propanol, iso-butanol, isoamyl alcohol, 

acetaldehyde / 

acetaldehyde, ethyl acetate, methanol, n-

propanol, iso-butanol /  

carbon dioxide, acetic acid, methanol, n-

propanol, n-butanol, 3-methyl-1-butanol, 2-

pentanol, glycerol 

 

 

(Valderrama 

et al., 

2012b) 

Pear 

distillate 

DAE for mass and energy balances, mass 

and heat transfer, VLE with UNIFAC for 

liquid activity coefficients 

Batch / pot 

in-house 

development 

acetaldehyde, methyl acetate, acetal, ethyl 

acetate, methanol,2-butanol, 1-propanol, 2-

methyl-1-propanol, 1-butanol, ethyl hexanoate, 

2-methyl-1-butanol, 3-methyl-1-butanol, 

furfural, ethyl decanoate and phenethyl alcohol 

(Sacher et 

al., 2013) 

Neutral 

Alcohol 

Based on Batista 2011 Continuous / 

Column (Plates)/ 

Aspen Plus® 

methanol, isopropanol, propanol, iso-butanol, 

n-butanol, 2-butanol, isoamyl alcohol, 2-

methyl-1- butanol, 1-pentanol, 1-hexanol, 

methyl acetate, ethyl acetate, acetaldehyde, 

acetone, acetic acid, propionic acid, CO2 

(Batista et 

al., 2013b) 

Bitter orange 

distillate 

Ideal gas for vapour phase and NRTL for 

water and ethanol, Henry’s law of terpenes 

Experimental data from commercial 

distillery 

Batch column 

(Plates)/ 

ProSim-

BatchColumn 

α-pinene, d-limonene, linalool, linalool oxide 

 

 

 

 

 

(Esteban-

Decloux et 

al., 2014) 
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Armagnac 

Vapour phase: Ideal gas + correction term 

for carboxyl acids; Liquid phase 

heterogeneous approach NRTL for water and 

ethanol and selected aroma compounds 

Comparison with experimental and literature 

data 

Continuous Batch 

column (Plates) /  

ProSimPlus  

32 simulated out of 66 volatile aroma 

compounds measured incl. representatives 

from acetals, alcohols, carboxyl acids, 

carbonyl compounds, esters, furans, terpenes 

divided into 3 main groups based on volatility 

(Puentes et 

al., 2018b) 

Cognac 

Vapour phase: Ideal gas, carboxylic acids 

were represented with association model; 

Liquid phase: NRTL for water and ethanol 

and selected aroma compounds 

Comparison with experimental 

Batch - Pot / 

ProSim-

BatchColumn 

26 simulated out of 69 volatile aroma 

compounds (16 alcohols, 20 esters, 19 

carboxylic six terpenes, two lactones, two 

furans, two acetals, one carbonyl compound 

and one norisoprenoid) subdivided into 8 types 

based on volatility 

(Douady et 

al., 2019) 

Muscat wine 

spirit 

dynamic multi-objective optimisation 

DAE for mass and energy balances, mass 

and heat transfer, activity coefficients with 

UNIFAC 

Comparison with lab equipment distillations  

Batch - Pot / 

MATLAB 

/Simulink™ 

Synthetic Muscat wine: acetaldehyde, 

methanol, ethyl acetate, linalool, hexanoic 

acid, β-phenylethanol 

(Luna et al., 

2019) 

Cachaça 

multi-objective optimization 

DAE mass and energy balances, mass and 

heat transfer. Vapor phase: ideal gas; Liquid 

phase: UNIFAC 

Comparison with lab scale distillations 

Batch - Pot / 

in-house 

development 

acetaldehyde, ethyl acetate, propanol, iso-

butanol, isoamyl alcohol 

(Soares et 

al., 2019) 

ANN  artificial neural network, DAE  differential algebraic equations, NRTL  non-random-two liquid model, UNIFAC UNIversal 

Functional Activity Coefficient, UNIQUAC UNIversal-QUAsiChemical model, VLE  vapor–liquid equilibrium 
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2. Material and Methods 

2.1. Distillation system 

2.1.1. Charge composition 

Absolute alcohol (99.8 % [v/v] or alcohol by volume [%] (ABV)) was purchased from Fisher 

Scientific Co (Loughborough, UK). The absolute alcohol was adjusted by dilution with 

distilled water to 185.5 g (± 0.5 g) and an ethanol concentration of 50 % ABV respectively 

42.4 % w/w or alcohol by weight [%] (ABW). A master stock solution was created by 

weighing all compounds and combining them with absolute ethanol. The solution was stored 

at -20 °C and diluted with an 8% ABV ethanol-water mixture to achieve the final 

concentrations shown in Table 2. Compounds from Sigma Aldrich (St. Louis, USA) were α-

pinene (99 %), β-pinene (99 %), β-myrcene (analytical standard), R-limonene (95 %), 

linalool (97 %), α-humulene (98 %) and 3-octanol (99 %) as an internal standard (ISTD) for 

analysis. The two compounds α-phellandrene (85 %) and β-caryophyllene (80 %) were 

purchased from SAFC (Steinheim, Germany). The monoterpene γ-terpinene (97 %) and the 

oxygenated monoterpene terpinen-4-ol (analytical standard) were purchased from Fluka® 

Analytical (Steinheim, Germany). The final concentration values and the properties of these 

terpenes, shown in Table 2, were based on 3 samples each of 4 charges, prior to distillation. 

Aroma characteristics of these terpenes have been listed earlier (Hodel et al., 2020). 
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Table 2 Terpene properties and used charge concentration 

P) data taken from ProSim database, *) Calculated using Joback Group Contribution method (Joback and Reid, 1987), X) from GC/MS Analysis, m) 

calculated based on GC/MS concentrations, n/a - compound was not considered in the simulation 

Compound CAS 

Normal 

boiling 

point 

TB [K] 

Density 

[g/cm³] 

Critical 

Temperature 

Tc*) [K] 

Critical 

Pressure 

Pc*) [kPa] 

Acentric 

factor ω*) 

ConcentrationX) [mg/L] 
Mean mass 

fractionm) 

xm 
Average  STD SE 

water 7732-18-5 373.2 P) 0.997 647.1 2206.4 0.3449 P)    0.576 

ethanol 64-17-5 351.45 P) 0.789 514 613.7 0.6435 P)    0.423 

α-pinene 7785-70-8 428.2 P) 0.858 644 2760 0.2209 P) 2.90 0.70 0.08 3.12 x 10-06 

β-pinene 
18172-67-

3 439.42 P) 0.86 635 2500 0.3185 
0.85 0.09 0.07 

9.18 x 10-07 

α-phellandrene 99-83-2 450.61 P) 0.835 657.6 2746.9 0.3804 1.09 0.35 0.47 1.11 x 10-06 

β-myrcene 123-35-3 440.2 *) 0.794 609.6 2421.9 0.3648 1.03 0.24 0.08 n/a 

limonene 5989-27-5 451.15 P) 0.8411 655.3 2831 0.3167 5.32 1.05 0.22 5.73 x 10-06 

γ-terpinene 99-85-4 456.2 P) 0.853 668.9 2799.5 0.3593 1.05 0.19 0.04 1.14 x 10-06 

linalool 78-70-6 517.87 *) 0.865 633.3 2582 0.7638 3.08 1.82 0.04 3.32 x 10-06 

terpinen-4-ol 562-74-3 543.8 *) 0.926 744.1 3062.5 0.7418 0.87 0.23 0.06 9.34 x 10-07 

β-

caryophyllene 
87-44-5 

576.3 *) 0.9052 760.9 1810 0.4293 
0.32 0.17 0.21 

3.40 x 10-07 

α-humulene 6753-98-6 591.12 *) 0.889 776.3 1770 0.7042 0.50 0.21 0.06 n/a 
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2.1.2. Still configurations 

The experimental distillations were performed on a 1 L round bottom flask glass still. The 

main difference between the atmospheric and vacuum distillation was the heat source; 

atmospheric distillation took place with a heating mantle from Electrothermal (Staffordshire, 

UK) (1000 ml, 380 W) and the vacuum distillation used a TX150 Optima immersion 

thermostat with stainless steel bath (5 L) from Grant Instruments (Royston, UK). Both 

distillations followed a similar heat regime (30 – 35 % power output of heating mantle and 

60 – 69 °C water bath temperature) to achieve a consistent distillate flowrate. Glassware, 

such as the column (250 mm length, 24 mm inner diameter), reflux divider and fractioning 

bend receiver were purchased from SGL (Stoke-on-Trent, UK). The reflux divider, detailed 

in Figure 1, was constructed with an integral jacketed condenser in the top section. All liquid 

leaving the condenser was directed towards an adjustable stopcock. The adjustable stopcock 

controlled the liquid collected or returned to the column if condensed liquid exceeded the 

volume of ~3.5 mL held in the reflux divider. Cooling water was supplied by a Lauda 

circulation chiller MC600 (Stamford, UK) at 2 °C. Each fraction was collected in a 25 mL 

measurement cylinder connected to the bend receiver. To insulate the column nitrile rubber 

pipe insulation (28 mm dia. x 25 mm, thermal conductivity 0.04 W/mK) from RS 

Components Ltd (Corby, UK) was used. The vacuum was produced via a Chemistry 

diaphragm pump MD 1C VARIO from Vacuubrand (Wertheim, Germany). The column 

packing (3 mm Raschig rings) was purchased from Glaswarenfabrik Karl Hecht (Sondheim 

vor der Rhön, Germany).  
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Figure 1 Design of the reflux divider with A = connection to vacuum pump, B = cooling in 

and out, C = connection to the column or flask, D = adjustable stopcock, E = 

connection to bend receiver and collection cylinders 

2.1.3. Distillation parameters 

The adjustable stopcock was used in two opening settings: 66% and 33%. These settings 

resulted in the distillate flowrates for distillations under atmospheric pressure 2 ± 0.04 

mL/min and 1 ± 0.01 mL/min, as well for vacuum distillation 1 ± 0.02 mL/min and 0.5 ± 

0.02 mL/min. The working pressure of the distillation apparatus was set to 150 mbar and was 

reduced gradually to 100 mbar at a rate of 0.6 mbar/min (RD66) and 0.28 mbar/min (RD33) 

respectively. The reduction of pressure was to guarantee that the water bath and pot 

temperature did not exceed a maximum of 70 °C and 50 °C, respectively. The heating power 

and condensation/cooling power of the condenser along with the setting of the reflux divider 

stopcock controlled the internal reflux, which was not quantified or controlled otherwise. If 

a column was used, the same packing material was used for the entire column length. All 

connections and transitions from the round bottom flask to the condenser were fully insulated. 

The individual settings of each distillation are summarised in Table 3. The distillations were 

performed in multiple steps, heating, infinite reflux, and separation of the distillate in four 

fractions. Each distillate fraction was collected in 25 mL measurement cylinders connected 

to the bend receiver. The distillation was stopped after 100 mL was collected.   
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Table 3 Equipment setup 

Combination 

Reflux 

divider 

setting 

Pressure 

[mbar] 

Theoretical 

stages 
Column L/D 

ANC33 33% atmospheric 3 None 

AP33 33% atmospheric 8 240/24 mm  

AP66 66% atmospheric 8 240/24 mm  

VNC33 33% 150-100 3 None  

VP33 33% 150-100 8 240/24 mm  

VP66 66% 150-100 8 240/24 mm  

Combination signifies the individual combination of settings, where A = Atmospheric; V = 

Vacuum; NC = no column; P = packing using 3mm Raschig rings and 33/66 = corresponding 

reflux divider (RD) setting; stages incl. 1 boiler and 1 condenser 

2.2. Alcohol measurement 

Alcohol concentrations were determined at room temperature for each fraction post 

distillation by using a handheld Anton Paar DMA 35 Density Meter (Graz, Austria) with an 

accuracy of density: 0.001 g/cm³.  The density and temperature were recorded and the ABV 

was determined, including temperature correction, via the Practical alcohol tables (Union, 

2009). Weight of the spirit samples was determined with a Sartorius BP 3100 P, accuracy 

0.01 g (Göttingen, Germany).   

 

2.3. Terpene quantification via Gas chromatography mass spectroscopy 

Each fraction was analysed individually, however, the total distillate (section 3.3) was a 

mixture of each fraction. All samples were stored at -20 °C until analysis was performed. 

Sample preparation took place in two steps: dilution of the sample to 8 % ABV using distilled 

water to the total volume of 5 mL of diluted sample; addition of 50 µL of internal standard 

(3-octanol) at a final concentration of 2.5 mg/L. The headspace vials (75.5 x 22.5 mm) used 

were 20 mL with magnetic caps. The method of quantification used an AOC 5000 auto 

sampler coupled to a GCMS-QP2010 Ultra (Shimadzu, Kyoto, Japan). All samples were 

sampled with a 65 µm PDMS/DVB solid phase microextraction fibre (SPME) from Supelco 

(Bellefonte, USA). Separation was carried out with a HP5MS (30 m x 0.25 mm x 0.25 µm) 

column from Agilent (Santa Clara, USA) (Hodel et al., 2019).  

 

2.4. COSMO-RS methodology 

The COnductor-like Screening MOdel for Real Solvents (COSMO-RS) calculations were 

performed with the software Amsterdam Modelling Suite ADF2019.303. COSMO-RS 

developed by Klamt (Klamt, 2003). The systems use unimolecular quantum chemical 

calculations combined with exact statistical thermodynamics. The settings used for the gas 

phase geometry optimization were the Becke Perdew exchange correlation functional 

(GGA:BP86), use of the scalar relativistic ZORA Hamiltonian, a triple zeta valence polarized 
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small core basis set (Pye et al., 2009). With these settings a temperature range was set and 

the vapour pressure [Pa] was calculated for each temperature [K]. 

 

2.5. Distillation model 

2.5.1. System properties 

Modelling was performed using a BatchColumn software, version 1.4, ProSim® (Toulouse, 

France). The software is built as a rigorous dynamic model with respect to batch column 

systems. The system was defined according to condition ANC33 and AP66, with respect to 

the differences in column dynamics. Due to insulation, heat losses were neglected.  The 

column was defined with the properties internals, hold-up and pressure profile. The column 

internals with the specifications were inner column diameter 0.024 m, packing height 0.24 m 

hold-up, with respect to random packing, was at 2.6 mL per stage and 4 mL in the 

condenser/reflux divider. Packing specification was set in the simulation as follows (surface 

area 1320 m²/m³, void space 91 %, nominal size 3x3x0.7 mm, HETP 60 mm hence the 

number of theoretical stages chosen was 8 (Krell, 1982). Individual distillation steps were 

the same and modelled after the experimental setup. These steps were a filling event, 

equivalent to the heating stage in the experimental, infinite reflux for 20 min to reach steady 

state (Bosley et al., 1994; Distefano, 1968; Doherty and Perkins, 1979), followed by four 

distillation steps with a fixed liquid distillate flowrate (g/min) based on the mean 

experimental value. Each distillation step was defined as complete once the mass fraction in 

the appropriate tank was equal to the experimental value. The column filling and infinite 

reflux were set to a specific boiler duty of 38.5 W whereas the software calculated the boiler 

duty automatically during the distillation step depending on the distillate flowrates. Initial 

load in the boiler, hold up liquid and content in the fractions were taken from experimental 

values. The reflux ratio, as a variable parameter, was chosen to describe the water-ethanol 

concentration for the four fractions (ANC33 0.5, 0.8, 1.2, 1.4; AP66 1.5, 0.85, 0.85, 1). 

 

2.5.2. Model calculation procedure 

The simulation was carried out in two steps. Firstly, only the water-ethanol mixture was 

considered. It was reported in previous research (Carvallo et al., 2011; Osorio et al., 2004; 

Puentes et al., 2018b; Sacher et al., 2013; Valderrama et al., 2012a), that volatile flavour 

compounds do not influence the thermodynamic properties of the system because of their 

low concentration. Therefore, the base model was built on a water-ethanol mixture 

independently since only their density, enthalpy and boiling temperature are decisive. 

Accuracy was compared against the experimental mass fractions xmEtOH. The mass fraction 

itself was calculated via a correlation proposed by Puentes et al. (Puentes et al., 2018b): 

𝑥mEtOH =  𝐶1𝐴𝐵𝑉 + 𝐶2𝐴𝐵𝑉2 + 𝐶3𝐴𝐵𝑉3 (1) 
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with ABV being the values measured in the sample, C1 = 8,172 × 10-3, C2 = -5.788 × 10-6, C3 

= -2.332 × 10-7. Relative error was calculated for the mass fraction for ethanol and 

subsequently for each terpene mass fraction: 

∆𝑃 =
|𝑥𝑐𝑎𝑙 − 𝑥𝑒𝑥𝑝|

𝑥𝑒𝑥𝑝
  (2) 

Once the model delivered satisfactory results (target of ∆P < 5%) regarding water and ethanol 

the volatile terpenes were considered too. The initial concentration values in the boiler were 

determined and converted into mass fraction from Table 2. The terpenes β-myrcene and α-

humulene were not considered in the simulation. 

 

2.5.3. Thermodynamic model and model assumptions 

The approach for the thermodynamic model was determined with the assumption of the 

vapour phase as a perfect gas (Prausnitz et al., 1999) and using the heterogeneous approach 

activity coefficient model for the liquid phase. This approach, especially for terpenes, has 

been proposed before (Valderrama et al., 2012a). Table 4 lists the binary interaction 

parameters of water, ethanol, and the investigated terpenes. The parameters from different 

sources were adjusted to the ProSim system. The 𝑔𝑖𝑗  parameter, in cal∙mol-1, is a binary 

parameter representing the free enthalpy of the NRTL model.  

𝑔𝑖𝑗 − 𝑔𝑗𝑗 = 𝐶𝑖𝑗
0 + 𝐶𝑖𝑗

𝑇  ∙ (𝑇 − 273.15)  (3) 

Gij, αij and τij are adimensional binary interaction parameters; the non-randomness parameter 

αij depends on molecule properties: 

𝜏𝑖𝑗 =
𝑔𝑖𝑗 − 𝑔𝑗𝑗

𝑅𝑇
, 𝑤𝑖𝑡ℎ 𝑅 = 1.987 [

𝑐𝑎𝑙

𝑚𝑜𝑙 𝐾
]  (4) 

𝐺𝑖𝑗 = exp (−𝛼𝑗𝑖𝜏𝑗𝑖)  (5) 

𝑤𝑖𝑡ℎ 𝛼𝑖𝑗 = 𝛼𝑖𝑗
0 + 𝛼𝑖𝑗

𝑇 (𝑇 − 273.15)  (6) 

Therefore, if the binary interaction parameters in literature were used, they were displayed in 

the form of equation (7); the values have been multiplied with the perfect gas constant R to 

obtain the parameter 𝐶𝑖𝑗
0  and 𝐶𝑖𝑗

𝑇 will become 0 for binary interaction parameters derived 

from LLE at a single temperature point.  

𝐵𝑖𝑗 =
𝑔𝑖𝑗 − 𝑔𝑗𝑗

𝑇
 (7) 

The binary interaction parameters missing in the literature were predicted using different 

UNIFAC models: 

• UNIFAC original (Fredenslund et al., 1975) 
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• UNIFAC VTPR (Ahlers and Gmehling, 2002) 

Table 4 indicates which model and value for the non-randomness parameter a0ij were chosen. 

Because of the low concentration of all aroma compounds the interaction between each other 

was neglected. Hence only the interaction parameter between water (1) and ethanol (2), water 

(1) and terpenes (3) and ethanol (2) and terpenes (3) were used. The non-randomness 

parameter was taken from the literature or set to the recommended values of 0.2 respectively 

0.3 for polar systems (Renon and Prausnitz, 1968) and the best fit of the system. Liquid molar 

volume was calculated using the COrresponding STAte Liquid Density (COSTALD) 

correlation (Thomson et al., 1982).  
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Table 4 Binary interaction parameter used for the NRTL model 

ID Compound 
1 

Compound 2 C0ij C0ji a0ij CTij CTji aTij Ref. 

12 Water Ethanol 1616.81 -635.56 0.14 2.02 0.99 0 ProSim 

13 Water α-pinene 6035.53 2239.76 0.20 11.20 -0.73 0 UNIFAC Original a0ij = 0.2 

13 Water β-pinene 6108.94 1983.99 0.2 11.13 -0.83 0 UNIFAC Original a0ij = 0.2 

13 Water α-phellandrene 6367.43 1679.02 0.20 10.74 -1.42 0 UNIFAC Original a0ij = 0.2 

13 Water limonene 6256.84 1734.93 0.20 10.43 -1.50 0 UNIFAC Original a0ij = 0.2 

13 Water γ-terpinene 6336.966 1594.47 0.2 10.30 -1.66 0 UNIFAC Original a0ij = 0.2 

13 Water linalool 5715.48 -143.40 0.20 9.27 -1.94 0 UNIFAC Original a0ij = 0.2 

13 Water terpinen-4-ol 6128.79 474.89 0.20 16.08 1.27 0 UNIFAC VTPR a0ij = 0.2 

13 Water β-caryophyllene x) 11074.15 455.78 0.11    (Koshima et al., 2016) 

23 Ethanol α-pinene 802.74 1153.35 0.20 4.47 -3.37 0 UNIFAC Original a0ij = 0.2 

23 Ethanol β-pinene 897.84 1020.51 0.2 4.54 -3.28 0 UNIFAC Original a0ij = 0.2 

23 Ethanol α-phellandrene 1077.24 788.39 0.20 4.68 -3.42 0 UNIFAC Original a0ij = 0.2 

23 Ethanol limonene 989.20 836.61 0.20 4.61 -3.55 0 UNIFAC Original a0ij = 0.2 

23 Ethanol γ-terpinene 1089.24 738.34 0.2 4.63 -3.50 0 UNIFAC Original a0ij = 0.2 

23 Ethanol linalool 1283.20 -639.27 0.20 3.19 -2.69 0 UNIFAC Original a0ij = 0.2 

23 Ethanol terpinen-4-ol 1118.30 -366.22 0.20 4.47 -2.79 0 UNIFAC VTPR a0ij = 0.2 

23 Ethanol β-caryophyllene x) 1044.98 551.89 0.32    (Koshima et al., 2016) 

Pressure P = 101.3 kPa, x) taken from literature (LLE data) at T = 298.2 K, 𝐶𝑖𝑗
0

 in cal mol -1, 𝐶𝑖𝑗
𝑇  in cal mol -1 °C -1, αij are dimensionless  
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3. Results & Discussion 

3.1. Experimental profiles of ethanol concentration  

Over four time periods, the ABV in each of the fractions is shown in Figure 2 and Figure 3 

for atmospheric and vacuum distillations, respectively. As expected, the reflux divider setting 

with a 33 % opening resulted in an overall higher ethanol concentration for each fraction. On 

comparison of the ABV in the resulting distillates only the combinations ANC33 and AP33 

(p = 0.011) as well as VP33 and VP66 (p = 0.014) showed a significant difference. For the 

vacuum distillations with a packed column, based on the constraints of the experiment, a total 

distillate volume of 100 mL resulted in a higher ethanol content within the first three fractions 

(avg: VP33 = 94.1 % ABV, VP66 = 93.6 % ABV) and a very low ethanol concentration in 

the last fractions (VP33 = 31.9 % ABV, VP66 = 58.3 % ABV). The ethanol concentrations 

of distillates for the atmospheric distillations were shown to be much more consistent. This 

clear difference of ethanol recovery between the atmospheric and the vacuum distillation are 

caused by the “blow-by”, a loss caused by the vacuum pump mechanically dragging part of 

the vapour out of the system. It is likely that this loss causes the drop of the ethanol 

concentration for both combinations with a packed column. Greer et al. (2008) mentioned 

similar effects of the blow-by but did not quantify differences between the atmospheric and 

vacuum distillations.   
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Figure 2 Ethanol content, expressed in ABV (%) with SE, for each fraction of atmospheric 

distillations. Error bars are given by the standard error of the mean (n=3). 

 

Figure 3 Ethanol content, expressed in ABV (%) with SE, for each fraction of vacuum 

distillations. Error bars are given by the standard error of the mean (n = 3).  
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3.2. Experimental concentration profiles of terpene compounds 

Results are separated into atmospheric and vacuum experiments. Throughout the analysis, 

three principal behaviours have been identified which are consistent with the different terpene 

groups according to their chemical structure. Hence, they can be grouped together according 

to their behaviour during the distillation:  

• monoterpenes, red lines, (α-pinene, β-pinene, α-phellandrene, β-myrcene, limonene, 

γ-terpinene),  

• oxygenated monoterpenes, green lines, (linalool and terpinen-4-ol), 

• sesquiterpenes, blue lines, (β-caryophyllene and α-humulene). 

Each data line is labelled with the related terpene, however in some cases the data points 

were close together and a detail view was generated to provide a better view of the behaviour 

of each terpene.  

3.2.1. Atmospheric experiment 

The behaviour of each terpene under atmospheric pressure as measured by each fraction is 

indicated in Figure 4 (A-C). All monoterpenes showed the highest concentration in the first 

fraction and decline rapidly as the distillation commenced. The terpene concentrations in the 

first fraction across the different combinations were mostly within the same range for α-

pinene (16.4 - 23.6 mg/L), for β-pinene, β-myrcene, α-phellandrene and γ-terpinene (range 

of 4.5 – 9 mg/L) and limonene (33 – 37 mg/L). In the next fraction all concentrations were 

at least 20 % less with a continuing decreasing trend until the concentration was lower than 

0.5 mg/L. The oxygenated monoterpene fraction showed an increase in concentration 

throughout the distillation but was only detected in trace levels (< 0.5 mg/L) for the AP33 

combination due to their difference in volatility above 90 % ABV. When the distillate 

flowrate setting was changed (AP66), the measured concentration of oxygenated 

monoterpenes in the last fraction was much higher (linalool at 32.4 ± 2.9 mg/L, terpinen-4-

ol at 10.7 ± 1.2 mg/L). In case of the combination ANC33, linalool and terpinen-4-ol were 

measured in all fractions increasing in concentration towards the last fraction. Due to the 

difference in rectification the ethanol concentration was lower which results in a different 

interaction of the oxygenated monoterpenes and difference in volatility. This behaviour has 

been reported before (Esteban-Decloux et al., 2014) and pairs with the former published 

interaction polarity dependency of water and terpenes (Hodel et al., 2020). The 

sesquiterpenes β-caryophyllene and α-humulene were only measured in a very small 

concentration. These compounds displayed the lowest concentration overall, but further 

demonstrated a declining trend without a packed column (ANC33). Conversely, the 

concentration was increasing through the distillation using a packed column. Furthermore, a 

faster distillation flowrate (AP66) resulted in higher values of less volatile compounds than 

the slower distillate flowrate (AP33). By using a faster distillate flowrate less liquid is sent 

back into the column, which means that the reflux is an active control of heavier and larger 

terpenes such as oxygenated monoterpenes and sesquiterpenes.  
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Figure 4 Terpene concentration and ABV over time for A – ANC33, B – AP33, C – AP66, 

D – VNC33, E – VP33, F – VP66. Error bars are given by the standard error of the 

mean (n = 3). Supplementary data appended.  

3.2.2. Vacuum experiment 

A comparison of each distillation setup in Figure 4 (D-F) using a partial vacuum, showed a 

similar behaviour of the monoterpenes. By considering the distillation setup VNC33, it is 

apparent that the overall concentrations of monoterpenes were much lower. Measurements 

by GC/MS demonstrated that individual monoterpenes changed in volatility during 

distillation, along with the changing ethanol concentration in the distillate, and the terpenes 
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α-pinene and its isomer β-pinene displayed the lowest concentrations of analytes measured. 

In case of the oxygenated monoterpene group, both compounds were present in all fractions, 

but linalool showed a maximum in the third fraction (12.4 ± 1.4 mg/L) whereas terpinen-4-

ol was highest in the fourth fraction (3.1 ± 0.1 mg/L). Both terpenes however, showed an 

increase over time as the ethanol concentration depleted. The sesquiterpenes showed a 

maximum concentration in the first fraction. The VP33 combination, using the same reflux 

strategy but with the combination of a packed column, showed higher values of the 

monoterpenes group compared to the VNC33; for example, limonene was measured at a 

concentration of 16.7 ± 3.1 mg/L compared to 12.6 ± 2.5 mg/L without usage of a column. 

The behaviour was also similar under vacuum, where the monoterpenes showed highest 

values in the first fraction, depleting towards the end. By considering the oxygenated 

monoterpenes of the combination VP33 there was an increasing trend with values 

substantially increasing, with linalool at 31.3 ± 10.5 mg/L and terpinen-4-ol at 12.8 ± 3.4 

mg/L, in the last fraction when compared to the distillation without a column.  

Using a packed column but changing to a lower reflux ratio (VP66) both oxygenated 

monoterpene compounds were detected in the last two fractions, however, very low 

concentrations were measured in the third fraction with linalool at 0.2 ± 0.1 mg/L and 

terpinen-4-ol 0.05 ± 0.02 mg/L. The last fraction showed very high values for linalool at 34.2 

± 0.7 mg/L and terpinen-4-ol at 7.7 ± 0.1 mg/L and therefore the highest values amongst the 

vacuum distillations. 

The monoterpene group showed a similar trend to the former conditions, but the overall 

concentrations were higher in the first two fractions during the distillation at a higher reflux 

ratio (VP33). Limonene was measured at an average of 36.8 mg/L ± 4.1 mg/L. Although α-

pinene was measured to be the highest concentration in the first fraction (11.5 mg/L ±0.9 

mg/L), the concentration was the lowest in the remaining fractions (0.4 mg/L – 0.1 mg/L) of 

all monoterpenes. Nevertheless, the monoterpene concentration was measured below 1 mg/L 

except for γ-terpinene.  

Greer et al. (2008) reported the comparison of a classic (atmospheric), and novel (vacuum) 

distillations without manipulation of the reflux or usage of rectification column resulted in a 

lower concentration of some monoterpenes and sesquiterpenes. In particular monoterpenes 

were reported to be reduced in concentration by a factor of up to 5. In all combinations, the 

oxygenated monoterpene concentration increased as the ethanol content in the pot depleted 

with time. This change in the liquid phase causes a change in relative volatility in relation to 

water and ethanol (Gramajo De Doz et al., 2007). The highest values for oxygenated 

monoterpenes were achieved with lower rectification and a packed column (VP66), however 

the higher reflux regime (VP33) resulted in higher concentration levels in the last two 

fractions. In all three combinations, α-humulene was measured to be at higher concentration 

than β-caryophyllene. Both showed only small concentration values overall, given their low 

volatility. Investigations in deterpenation of essential oils showed that the bottoms are usually 

high in concentration of sesquiterpenes (Silvestre et al., 2016).   
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3.2.3. Influence of still configuration on total distillate 

Ultimately, the total terpene concentration of aroma compounds in the total distillate 

(combination of all fractions) is of most interest. An overview of all combinations is given 

in Figure 5. By considering the atmospheric distillations, the monoterpene α-pinene, β-pinene 

and α-phellandrene, were found to have the highest concentration when using a packed 

column and lower reflux (AP66), whereas the remaining terpenes were measured highest 

using combination AP33. 

Table 5 Significance of terpene concentration in comparison between means from distillate 

of each combination. 

Terpene 

Atmospheric Vacuum 

ANC33 

AP33 

ANC33 

AP66 

AP33 

AP66 

VNC33 

VP33 

VNC33 

VP66 

VP33 

VP66 

α-pinene * ↓ * ↓ NS NS NS NS 

β-pinene NS ** ↓ NS * ↑ ** ↓ NS 

β-myrcene NS NS NS NS NS NS 

α-phellandrene NS NS NS NS * ↓ NS 

limonene NS NS NS * ↓ NS NS 

γ-terpinene NS NS NS NS NS NS 

linalool *** ↑ * ↑ **** ↓ ** ↓ NS * ↑ 

terpinen-4-ol *** ↑ NS **** ↓ ** ↓ NS ** ↑ 

β-caryophyllene **** ↑ NS *** ↓ NS NS NS 

α-humulene *** ↑ NS *** ↓ NS NS NS 

Based on Students t-test with a significance level of 5%; * p < 0.05; ** p < 0 .01; *** p < 

0.001; **** p < 0.0001, NS = p >0.05; ↑ and ↓ show whether the top listed combination (in 

bold) showed a significantly higher (↑) or lower (↓) concentration compared to the lower 

listed combination e.g., α-pinene conc. in distillate was significantly lower in ANC33 than 

AP33. 

 

Using a packed column, the monoterpene group was extracted in higher concentrations than 

without a packing. With the constraints of the same distillation volume the only significant 

difference (p = 0.037) was seen for α-pinene when comparing the combination ANC33 and 

AP33. Changing the reflux ratio (comparing AP33 and AP66) did not result in a significant 

difference in the terpene concentration of the distillate, as seen in (Table 5). At atmospheric 

pressure, the oxygenated monoterpene linalool was measured in the highest concentration 

(10.7 ± 0.7 mg/L) in the distillate distilled without a packed column (ANC33) but terpinen-

4-ol was measured highest (2.3 ± 0.1 mg/L) in AP66.  
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Figure 5 Experimental concentration of ethanol and terpenes for each total distillate. Error 

bars are given by the standard error of the mean (n = 3). 

 

The lowest concentrations were seen using a packed column and high reflux (AP33).  

Nevertheless, all oxygenated monoterpene concentrations, but terpinen-4-ol in case of 

ANC33-AP66, were significantly different (at least p < 0.05) from each other. The 

sesquiterpene α-humulene was measured in the greatest concentration (1.5 ± 0.1 mg/L) 

without a column (ANC33) and highest for β-caryophyllene (1.3 ± 0.2 mg/L) using AP66. 

The lowest concentrations were measured in the distillate of AP33, with β-caryophyllene at 

0.06 ±0.01 mg/L and α-humulene at 0.04 ± 0.01 mg/L. Not using a column vs using a column 

(ANC33-AP33) had a significant difference (at least p < 0.05) on the sesquiterpene 

concentration at atmospheric pressure. At the same time, if a packed column was used, 

change of the reflux ratio resulted in a significantly higher (at least p < 0.05) sesquiterpenes 

concentration (AP33-AP33)  

Distillations with reduced pressure resulted in lower concentrations of monoterpene, with the 

combination VP33 resulting in highest and VP66 resulting in second highest values. A 

comparison of monoterpenes between the distillation with (VP33) and without (VNC33) a 

column under vacuum using the same reflux regime showed only a high significant difference 

for β-pinene (p = 0.016) and for limonene (p = 0.029). When the reflux ratio was changed, 

no significant difference was seen for the monoterpene compounds between VP33 and VP66 

(Figure 5). For the oxygenated monoterpenes the concentration in the distillate ranged from 

7.2 - 18.5 mg/L for linalool and 1.8 - 6 mg/L for terpinen-4-ol. By considering both 

compounds, the combination VNC33 – VP33 was significantly different (linalool, p = 0.006 

and terpinen-4-ol, p = 0.002) from each other. Reducing the reflux ratio, significantly lower 

concentration values (linalool, p = 0.013 and terpinen-4-ol, p = 0.004) were seen for vacuum 
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distillations VP33 – VP66.  For the vacuum distillations no significant difference (at least 

p > 0.576) was found with respect to the sesquiterpenes. The concentration ranged from 0.4 

- 0.5 mg/L for β-caryophyllene and 0.6 - 0.9 mg/L for α-humulene.  

Published work on terpene behaviour in distilled spirits is scarce. Even in research of 

essential oil distillation, individual terpenes are rarely identified over time, but rather the 

extraction of essential oil is tracked as a whole over time. Although some research (Almeida 

et al., 2018; Beneti et al., 2011; Farah et al., 2006; Milojević et al., 2010; Shaw, 1951) has 

considered compositions of essential oil over time, as a solvent only water is considered. 

Almeida et al. (Almeida et al., 2018) described α-pinene and limonene to be the most volatile 

compounds with a maximum in the first of the fractions during steam distillation. The 

concentration of eucalyptol, an oxygenated monoterpene, was demonstrated to increase as 

the distillation commenced. This shows that, not only does the polarity and solvent 

interaction have an influence but so too does the volatility and molecular size of the 

compound. Work on bitter orange distillates (Esteban-Decloux et al., 2014) supports the 

results of the research in this work regarding monoterpenes and oxygenated monoterpenes. 

Although using a lower initial alcohol concentration (30 % ABV) Esteban-Decloux et al. 

(2014) observed a similar behaviour for α-pinene and limonene being the most volatile and 

maximum concentrations measured within the first fraction. Linalool and linalool oxide were 

measured in the last fractions in elevated concentrations. Clutton and Evans (1978) described 

the distillation process of gin using a batch pot still (similar to ANC33) where the 

monoterpenes decreased once an ethanol strength of approx. 80 % ABV was reached, though 

no information was given on equipment or the distillation regime. Linalool was found in 

greater concentrations as the distillate reached a strength of 70 % ABV. Although these 

values are not consistent with the ABV values measured in ANC33, the behaviour of the 

terpenes follows a similar behaviour.  

Further similarities can be drawn when compared to the deterpenation process. Fractionation 

batch distillation at reduced pressure is done to remove monoterpene hydrocarbons to 

increase stability of essential oil (Beneti et al., 2011). While investigating the combination of 

vacuum distillation and supercritical CO2 on bergamot essential oil, Fang et al. (2004) stated 

that monoterpenes are mostly removed below 40 °C and 400 Pa and a subsequent increase of 

the pot temperature to 55-60 °C with a recovery of below 70 % for oxygenated terpenes. 

Nevertheless, they saw a similar behaviour, where the content of limonene was highest in the 

first fraction and dropped below 1 % in the remaining fraction. For VP33 and VP66 some 

terpenes showed higher concentrations but there wasn´t a definite significance for some. It 

can be postulated, that there is an optimum reflux ratio for maximizing certain terpenes which 

needs further investigation. 
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3.3. Analysis of simulation results 

3.3.1. Vapour pressure calculations with COSMO-RS 

The prediction of the vapour pressure was calculated for α-phellandrene, γ-terpinene, 

terpinen-4-ol and β-caryophyllene in the absence of sufficient literature data. Validation was 

carried out for limonene (monoterpene) and linalool (oxygenated monoterpene), however no 

similar compound to β-caryophyllene in the sesquiterpene family was available. Literature 

data were taken from the DECHEMA database (DECHEMA, 2020). For both terpenes the 

vapour pressure regression constants of Equation 7 were calculated in the range of 243.5 – 

461.7 K for limonene and 273.1 - 471.6 K for linalool. Using a Students t-test for limonene, 

at a significance level of p = 0.05, the calculated and literature data were not significantly 

different (p = 0.11) and in the relevant temperature range of evaporation (355.5 – 368.9 K) 

the average relative error was 21%. The prediction of linalool was also sufficient, given both 

variances again were not significantly different (p = 0.51) from each other. However, in the 

boiling temperature range of linalool vapour pressure data, the relative error was higher with 

an average of 31%. Similar to previously reported results (Wagner et al., 2020, 2019), using 

COSMO-RS for vapour pressure prediction, the predicted values were lower than 

experimental values but within level of acceptance (Eckert and Klamt, 2002). Following this, 

the prediction of the vapour pressure was carried out for α-phellandrene, γ-terpinene, 

terpinen-4-ol and β-caryophyllene. Each curve was fitted to Equation 8 and each parameter 

is shown in Table 6 with the resulting vapour pressure plotted in Figure 6. 

 

Table 6 Constants for vapour pressure [Pa] computing of pure compounds at a given 

temperature [K] 

Compound Ai Bi Ci Di Ei 

α-phellandrene 67.2673 -7207.746 -6.80392 3.988 x 10-2 1 

γ-terpinene 61.29877 -6907.8664 -5.936737 4.0962 x 10-3 1 

terpinen-4-ol 106.229 -11080.842 -11.987 4.622 x 10-2 1 

β-caryophyllene 49.787 -7482.675 -3.3761 1.9001 x 10-6 2 

Temperature range 293.15 - 448.15 K 

𝑤𝑖𝑡ℎ 𝑃𝑖
𝑠𝑎𝑡 = 𝑒𝑥𝑝 (𝐴𝑖 +

𝐵𝑖

𝑇
+ 𝐶𝑖 ln 𝑇 + 𝐷𝑖𝑇𝐸𝑖)  (8) 
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Figure 6 Vapour pressure vs. temperature of terpenes calculated with COSMO-RS 

 

3.3.2. Binary ethanol–water simulation 

Given the assumption that the decisive properties are those of water and ethanol, evaluation 

of the distillation model was determined solely on water and ethanol first. It is important to 

evaluate the model of the experimental setup and the setting. The experimental data was 

compared to the simulated water-ethanol VLE data by using a Students t-test, confidence 

level of p = 0.05, with the result of p = 0.001 for ∆ (Arce et al., 2004). The evolution on 

absolute volatility for ethanol (𝐾𝑖 =
𝑦𝑖

𝑥𝑖
) was compared to literature data from Kamihama et 

al. (2012) (◊) and resulted in a good agreement. First, the equilibrium data was generated and 

compared to experimental data (Figure 7).  

 

Figure 7 a) VLE diagram of the binary system ethanol−water at 101.3 kPa, Temperature T 

[K], Ethanol mole fraction: xEtOH (liquid) and yEtOH (vapour); (-) simulated values  

Literature data: ○ (Lai et al., 2014), ∆ (Arce et al., 2004), ◊ (Kamihama et al., 2012); 
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b) Volatility of ethanol in water-ethanol system xEtOH (liquid) compared to ◊ 

(Kamihama et al., 2012) 

Correlation between the average mass fraction of the triplicate experiment (ANC33 and 

AP66) and the simulated values is shown in Figure 8, where the least square regression and 

residuals are plotted. Visually a good correlation is seen as well as low values of the residuals 

being well below 0.1 mass %. Variations were very low with maximum relative error of 0.16 

% for ANC33 and 0.23 % for AP66. This shows a satisfying representation of the 

experimental values and in the next step the model was extended with solvent and terpene 

interaction.  

 

Figure 8 Comparison of mass fraction xmexp and xmsim of the simulation for combination 

ANC33 ■ and AP66 □ with residual plots for both combinations 
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3.3.3. Ethanol–water plus terpene simulation 

3.3.3.1. Terpene volatility in relation to ethanol 

Simulated absolute volatilities of the monoterpenes (a) and oxygenated monoterpenes and 

sesquiterpenes (b) are shown in Figure 9 on a logarithmic scale at various ethanol strength 

(ABV %) with a break between 25 and 75 % ABV. As a reference the partitioning values for 

ethanol are also given. By usage of the prediction tools UNIFAC (Ahlers and Gmehling, 

2002; Fredenslund et al., 1975) as well as literature data, binary impact parameter from Table 

4 were used in the calculation process. For the monoterpenes the partitioning values were 

calculated above 1 for the entire range of ethanol concentration. Based on their similar 

structure, the resulting volatility was obtained in a similar magnitude. For the terpenes with 

a functional group (oxygenated monoterpene) and the sesquiterpene β-caryophyllene, a 

similar high volatility was obtained at the lower ABV range. Contrary to the expected results 

from experimental VLE data (Deterre et al., 2012) the K-values were not less than 1 in the 

range of 36 – 100 % ABV (0.15 – 1 mole % ethanol). This could be explained with the 

divergence of the estimated vapour pressure as mentioned earlier. Although Figure 9 gives 

an indication of the behaviour of terpene in relation to ethanol, the second solvent is not 

considered. The calculation of the absolute volatilities only considers ethanol and terpenes 

but with change of ethanol, changes to the concentration of water would occur as well. It was 

previously described, that terpenes have a different affinity to the solvents water and ethanol 

(Hodel et al., 2020). Work on phase behaviour of thymol, terpinen-4-ol and α-terpineol in 

oregano essential oil and hydro alcoholic solvents showed that a greater mass fraction in the 

solvent had a negative effect on the transfer of such oxygenated compounds into the ethanolic 

phase of the solvent during LLE experiments (Capellini et al., 2015). Similar behaviour was 

seen for linalool (Cháfer et al., 2005), geraniol (Li et al., 2012) and β-citronellol (Li et al., 

2016), although the latter two were not part of the quantification in this work. In comparison, 

monoterpenes such as α-pinene and limonene (Li and Tamura, 2006) showed much higher 

mole fractions in the ethanol solvent phase at higher ethanol mole fractions. Despite the 

temperature limitations of the binary impact parameter from LLE data (Koshima et al., 2016), 

best possible results were achieved using binary impact parameter from Koshima et al. (2016) 

instead of estimation via a UNIFAC model. 
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Figure 9 Absolute volatilities at 101.3 kPa for: a) monoterpenes , b) oxygenated 

monoterpenes and sesquiterpenes  

 

3.3.3.2. Simulations of the distillation at atmospheric without a packed 

column  

The results of the ANC33 are shown in Table 7. For α-pinene the simulated concentrations 

were only accurate within the first fraction, with a relative error of 20 %. The following 

values were much greater than 100 %. For β-pinene the smallest error, 3 %, was for the first 

fraction but the drop of the concentration to 0.21 mg/L and 0.26 mg/L in the second and third 

fraction was only poorly simulated given the relative error was much greater than 100 %. 

The results for α-phellandrene were similar giving a relative error of 11 % and 15 % but did 

not represent the experimental values for the remaining fractions with a relative error much 

greater than 100 %. For limonene, simulated values resulted in relative errors of F1: 8 %, F2: 
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58 %, F3: >100 %, F4: >>100 %. Although simulation values showed varying accuracy, the 

trend of the calculated terpene concentrations followed the behaviour of the experimental 

values as shown in Figure 10. For all four terpenes in the ANC33 combination, the simulation 

failed to accurately predict the low concentration values in the third and fourth fraction. 

 

Table 7 Experimental concatenation data, simulated concatenation data and relative error 

∆P of all terpenes for ANC33 

Fraction Terpene Exp ± SE Sim ∆P 

F1 α-pinene 18.78 ± 4.7 23.41 20% 

F2 α-pinene 1.26 ± 0.2 0.18 >>100 % 

F3 α-pinene 1.03 ± 0.5 0.00 >>100 % 

F4 α-pinene 0.12 ± 0.1 0.00 - 

F1 β-pinene 7 ± 1.1 6.82 3% 

F2 β-pinene 0.21 ± 0.1 0.12 >>100 % 

F3 β-pinene 0.26 ± 0.1 0.00 >>100 % 

F4 β-pinene 0.02 ± 0.1 0.00 - 

F1 α-phellandrene 8.77 ± 1.2 7.89 11% 

F2 α-phellandrene 0.54 ± 0.1 0.47 15% 

F3 α-phellandrene 0.2 ± 0.1 0.01 >>100 % 

F4 α-phellandrene 0.03 ± 0.1 0.00 >>100 % 

F1 limonene 37.13 ± 3.4 39.46 6% 

F2 limonene 3.42 ± 0.4 3.56 4% 

F3 limonene 1.61 ± 0.7 0.05 >>100 % 

F4 limonene 0.23 ± 0.1 0.00 >>100 % 

F1 γ-terpinene 9.06 ± 0.4 7.92 14% 

F2 γ-terpinene 1.8 ± 0.4 0.61 >100 % 

F3 γ-terpinene 1.79 ± 0.7 0.01 >>100 % 

F4 γ-terpinene 0.49 ± 0.1 0.00 >>100 % 

F1 linalool 2.5 ± 0.3 0.99 >100 % 

F2 linalool 4.35 ± 0.3 1.30 >100 % 

F3 linalool 10.54 ± 0.5 3.95 >100 % 

F4 linalool 23.16 ± 1.3 14.61 58% 

F1 terpinen-4-ol 0.45 ± 0.1 0.37 21% 

F2 terpinen-4-ol 0.71 ± 0.1 0.51 38% 

F3 terpinen-4-ol 1.78 ± 0.1 1.61 11% 

F4 terpinen-4-ol 4.88 ± 0.4 4.36 12% 

F1 β-caryophyllene 3.45 ± 0.3 2.32 49% 

F2 β-caryophyllene 1.24 ± 0.2 0.23 >100 % 

F3 β-caryophyllene 0.26 ± 0.1 0.00 >>100 % 

F4 β-caryophyllene 0.01 ± 0 0.00 - 
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F = Fraction, Exp = experimental value ± SE = standard error in [mg/L], Sim = simulated 

values in [mg/L] and relative error ∆P, if ∆P > 500 % it is shown as >> 100 % 

 

 

 

 

Figure 10 Ethanol mass fraction (simulated and experimental) against experimental and 

simulated terpene concentrations of the monoterpenes α-pinene, β-pinene, α-

phellandrene and limonene over time for ANC33 

 

The data over time for γ-terpinene is shown in Figure 11. The calculated values were low, 

meaning that the calculated values did go virtually zero as opposed to the measured 

concentration resulting in a ∆P of 14 % for the first fraction but greater than 100 % in the 

remaining. For the oxygenated monoterpene linalool simulation resulted in the lowest 

relative error of 58 % calculated the last fraction, however, as Figure 11 shows, the simulated 

values were lower than the experimental values showing a poorer representation. For 

terpinen-4-ol relative errors were calculated comparably low, F1: 21 %, F2: 38 %, F3: 11 %, 

F4: 12 % and therefore, a good fit was achieved. For β-caryophyllene, relative error for the 

first fraction was 49 % and greater than 100 % for all others with low of the simulated 

concentrations, but the trend was congruent with the experimental results. 
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Figure 11 Ethanol mass fraction (simulated and experimental) against experimental and 

simulated terpene concentrations of γ-terpinene, linalool, terpinene-4-ol and β-

caryophyllene over time for ANC33 

 

 

3.3.3.3. Simulations on atmospheric distillation a packed column  

The results of the AP66 are shown in Table 8. By considering the monoterpenes α-pinene 

simulation values are mostly accurate with a relative error relative error of 8 % although the 

errors of the remaining fractions were much higher. The calculation provided a good fit for 

the trend of the concentration over time. For β-pinene best results were gained with a relative 

error of 10 % in the first fraction but greater than 100 % in the subsequent fractions. 

Simulation values of α-phellandrene showed good agreement on the trend (Figure 12), the 

relative errors of calculation vs experimental values were F1: 1 %, F2: 62% and much greater 

than 100 % in the remaining fractions. Although overpredicting the concentration in each 

fraction for limonene, relative errors were 14 %, 74 %, 61 %, >>100 %, a good agreement 

on the trend was observed. By considering the monoterpene γ-terpinene, graphical 

representation is shown in Figure 13, calculated values for γ-terpinene were mostly accurate 

with relative errors of 11 % for F1, > 100 % for F2 and >>100 % for F3 and F4.  
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Table 8 Experimental concatenation data, simulated concatenation data and relative error 

∆P of all terpenes for AP66 

Fraction Terpene Exp ± SE Sim ∆P 

F1 α-pinene 22.73 ± 

0.5 

24.82 8% 

F2 α-pinene 0.55 ± 0.3 0.11 >100 % 

F3 α-pinene 0.13 ± 0.1 0.00 >>100 % 

F4 α-pinene 0.37 ± 0.3 0.00 >>100 % 

F1 β-pinene 7.91 ± 0.1 7.19 10% 

F2 β-pinene 0.33 ± 0.2 0.05 >100 % 

F3 β-pinene 0.05 ± 0.1 0 >>100 % 

F4 β-pinene 0.28 ± 0.3 0 >>100% 

F1 α-phellandrene 8.35 ± 0.2 8.27 1% 

F2 α-phellandrene 0.17 ± 0.1 0.45 62% 

F3 α-phellandrene 0.03 ± 0.1 0.00 >>100 % 

F4 α-phellandrene 0.06 ± 0.1 0.00 >>100 % 

F1 limonene 33.36 ± 

1.0 

38.61 14% 

F2 limonene 1.54 ± 0.4 6.03 74% 

F3 limonene 0.11 ± 0.1 0.07 61% 

F4 limonene 0.33 ± 0.3 0.00 >>100 % 

F1 γ-terpinene 6.61 ± 0.5 8.32 21% 

F2 γ-terpinene 1.44 ± 0.6 0.57 >100 % 

F3 γ-terpinene 0.18 ± 0.2 0.00 >>100 % 

F4 γ-terpinene 0.96 ± 0.8 0.00 >>100 % 

F1 linalool 0 ± 0 0.00 100% 

F2 linalool 0 ± 0 0.00 100% 

F3 linalool 0 ± 0 0.04 100% 

F4 linalool 32.4 ± 2.9 13.02 >100 % 

F1 terpinen-4-ol 0 ± 0 0 100% 

F2 terpinen-4-ol 0 ± 0 0 100% 

F3 terpinen-4-ol 0 ± 0 0.02 100% 

F4 terpinen-4-ol 10.71 ± 

1.2 

3.77 >100 % 

F1 β-caryophyllene 0 ± 0 0.01 100% 

F2 β-caryophyllene 0.22 ± 0.2 0.17 27% 

F3 β-caryophyllene 1 ± 0.3 0.54 86% 

F4 β-caryophyllene 3.56 ± 0.9 1.51 >100 % 

F = Fraction, Exp = experimental value ± SE = standard error in [mg/L], Sim = simulated 

values in [mg/L] and relative error ∆P, if ∆P > 500 % it is shown as >> 100 % 
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Figure 12 Ethanol mass fraction (simulated and experimental) against experimental and 

simulated terpene concentrations of the MT α-pinene, β-pinene, α-phellandrene and 

limonene over time for AP66 

The oxygenated monoterpene linalool was only poorly represented in the calculations. As 

shown in Figure 13 the last concentration of 32.4 ± 2.9 mg/L was not calculated correctly 

(relative error of greater than 100 %). Since the concentration was measured zero in the first 

three fractions, all calculations showed a relative error of 100 %. Like linalool, the 

concentration (10.7 ± 1.2 mg/L) of other oxygenated monoterpene terpinen-4-ol was not 

represented accurately by the simulation. The concentrations were also zero in the first three 

fractions which was mostly represented by the calculated values approximating zero. 
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Figure 13 Ethanol mass fraction (simulated and experimental) against experimental and 

simulated terpene concentrations of γ-terpinene, linalool, terpinene-4-ol and β-

caryophyllene over time for AP66 

Results for the sesquiterpene β-caryophyllene matched the increasing trend of the 

concentration measured in each fraction, but values calculated were below the actual values. 

Especially the concentration in the last fraction (3.5 ± 0.9 mg/L) was not calculated correctly 

(1.5 mg/L) with an error greater than 100 %.  

3.4. Comparison of simulation and experimental values 

Differences between experimental and simulated values can be related to inaccuracies in 

describing the distillation equipment such as inaccurate approximation of heat losses. 

However, due to fact that the behaviour of water and ethanol was very well simulated (Figure 

8), the reason was most likely due to deviations of physical properties and interaction 

parameters of terpenes. Usage of prediction tools to obtain binary impact parameter solely 

was not sufficient to gain highly accurate simulation values compared to the experimental 

data. Nevertheless, for both simulations, principal behaviour of terpenes was well described. 

Work on volatiles of terpene in a water-alcohol matrix, derived from VLE data, showed that 

higher deviations of terpenes are found at an ethanol mole fraction greater than 0.5 ( ~ 78.6 

% ABV) (Deterre et al., 2012). Simulations on α-pinene and limonene in orange distillates 

showed higher relative differences especially in the heads cut (comparable with the first 

fraction of this work) whereas for the oxygenated monoterpene linalool the tails (last fraction) 

showed higher deviations (Esteban-Decloux et al., 2014). However, their calculated values 

showed a similar mass fraction but did not accurately describe the trend of this compound.  
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4. Conclusion 

Concentration values of ten terpenes typically found in gin distillates were measured 

throughout distillation. By changing the equipment configuration as well as the distillation 

operation terpene concentrations in different fractions were manipulated. Overall, distillation 

with high rectification and higher reflux affected the medium and lower volatile terpenes 

such as oxygenated monoterpenes and sesquiterpenes the most. Applying a partial vacuum, 

monoterpene concentrations were found to be reduced when compared with distillations 

using atmospheric distillations. Simulations of two atmospheric conditions showed mostly 

accurate predictions for the monoterpenes in the first two fractions but failed to properly 

predict concentration values in the last fractions due to very low concentration values. 

Although describing the trend of the oxygenated terpenes well, simulated values were much 

lower when compared to the experimental results. However, the chosen model was capable 

of describing two different distillation operations and the influence on simple batch vs batch 

column distillation.  
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