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Nomenclature 

Abbreviations 

1H NMR Proton nuclear magnetic resonance 

ASL Automatic Systems Laboratories 

CGC  Correlation gas chromatography 

DSC Differential scanning calorimetry 

FSC Fast scanning calorimetry 

GLE Gas-liquid equilibrium 

GE General Electric 

IL Ionic liquid 

K-F Karl Fischer titration 

NI National Instruments 

NRTL Non-random two-liquid 

PT Pressure transducer 

PTFE Polytetrafluoroethylene 

TGA Thermogravimetric analysis 

TT Temperature probe 

UNIQUAC UNIversal QUAsiChemical 

VLE Vapor-liquid equilibrium  
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Chemical compounds 

APP  3-(aminopropyl)-2-pyrrolidone 

APPAc  1-(3-acetamidopropyl)-2-pyrrolidone 

APPH+  3-(aminopropyl)-2-pyrrolidonium ion 

CO2  Carbon dioxide 

DBN  1,5-diazabicyclo[4.3.0]non-5-ene 

DBU  1,8-diazabicyclo-[5.4.0]-undec-7-ene 

DBUH+  1,8-diazabicyclo-[5.4.0]-undec-7-enium ion 

gly(OH)3  Glycerol 

gly(OH)2(CO3)- Glycerol monocarbonate ion 

gly(OH)(CO3)2
- Glycerol bicarbonate ion 

gly(CO3)3
-  Glycerol tricarbonate ion 

H2O  Water 

HCl  Hydrochloric acid 

HOAc  Acetic acid 

KCl  Potassium chloride 

N2  Nitrogen 

NaOH  Sodium hydroxide 

OAc-  Acetate ion 

TRIS  Tris(hydroxymethyl)aminomethane 

[APPH][OAc]  3-(aminopropyl)-2-pyrrolidonium acetate 

[DBNH][OAc] 1,5-diazabicyclo[4.3.0]non-5-enium acetate 
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Symbols 

ai  Activity of compound i 

B(T)  Second virial coefficient 

C(T)  Third virial coefficient 

Cp,m  Molar heat capacity at constant pressure 

e’  Energy equivalent of the calorimeter 

f  Fugacity 

GE  excess Gibb’s energy 

H  Enthalpy 

Hi,S  Henry’s law constant for  solute i in solvent S 

Ki  Equilibrium constant of reaction i 

m  Mass 

n  Amount of substance 

P  Pressure 

Pi  Partial pressure of compound i. 

Pi
sat  Vapor pressure of compound i. 

R  Gas constant 

s  Standard deviation 

t  Time 

T  Temperature 

Tm  Mean temperature 

vij  Stoichiometric coefficient of compound i in reaction j 

V  Volume 

Vm  Molar volume 

x  Liquid phase mole fraction 

x°  Initial liquid phase mole fraction 

y  Vapor / gas phase mole fraction 

z  Total mole fraction 

Z  Compressibility factor 
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Greek symbols 

α1,i  CO2 loading with respect to compound i 

γ   Symmetric activity coefficient 

γ*  Asymmetric activity coefficient 

κ  compressibility factor 

ρ  Density 

τ  NRTL interaction parameter 

ϕ   Fugacity coefficient 

 

Subscripts and superscripts 

abs  absorption 

cr  crystalline 

f  formation 

g  gas 

IG  ideal gas 

l and L  liquid 

m  molar 

r  reaction 

sol  solution 

o  Standard state (298.15 K, 101.3 kPa) 
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1 Introduction 

Over the last decade, conversion of lignocellulosic biomass into valuable products has 
become a widely researched topic due to the economic and environmental issues related 
to oil and other fossil fuels [1-3]. Moreover, in addition to the non-renewable fossil fuels, 
the use of several other raw materials is currently unsustainable. For example, production 
of cotton requires considerable amounts of water and land which are also required for 
production of food [4]. On the other hand, lignocellulosic biomass is an abundantly 
available raw material which can be converted into a wide variety of chemicals. With 
several proposed techniques, numerous chemicals, such as fuels (e.g. bioethanol), fine 
chemicals (e.g. xylitol) and man-made fibers (e.g. Lyocell and Viscose fibers), can be 
produced from lignocellulosic biomass [3, 5]. Therefore, lignocellulosic biomass has 
been considered as one of the most potential feedstocks for replacement of fossil fuels 
and cotton. 

Despite the options of its utilization, efficient processing of the lignocellulosic biomass 
into various products has been challenging due to the presence of three main components 
(cellulose, lignin and hemicellulose) with different properties and structures. Therefore, 
solvents capable of complete or partial dissolution of the lignocellulosic biomass 
components are required. In 2002, cellulose dissolution capability of imidazolium based 
ionic liquids was discovered [6]. However, despite the promising dissolution experiments, 
several challenges, such as solute and solvent degradation, were reported later [7]. Last 
decade, two new series of ionic liquids were introduced. The first group was called 
switchable ionic liquids which solvation properties can easily be alternated completely 
via a switching reaction between the molecular and ionic forms of the system [8]. Over 
the last five years, switchable ionic liquids were reported to selectively dissolve 
hemicellulose and lignin from the lignocellulosic biomass [9-12]. The switchable ionic 
liquids are synthesized via chemical gas absorption from three components: an amidine or 
guanidine, an alcohol or an alkanolamine, and an acid gas. The second group, distillable 
ionic liquids, are protic ionic liquids synthesized via a proton transfer reaction between an 
amidine or guanidine, and a carboxylic acid [13]. Some of these compounds were 
reported to effectively dissolve cellulose [14]. Moreover, unlike the imidazolium based 
aprotic ionic liquids, the distillable ionic liquids were found to have notable vapor 
pressures which may enable their purification from heavy impurities via distillation [13]. 

As mentioned above, the new series of ionic liquids have solvation properties required in 
processing of the lignocellulosic biomass. However, as illustrated in an example 
presented in Fig. 1, an industrial scale process consists of several other steps in addition 
to the biomass dissolution. Obviously, every step affects the overall feasibility of the 
process. During the processing of the lignocellulosic biomass, the ionic liquids are 
expected to be mixed with both heavy and light compounds. Therefore, thermal 
separation was considered in this work as the most feasible recycling procedure for the 
ionic liquids. In general, the design of thermal separation and the process energy 
consumption optimization require thermodynamic data (i.e. physical properties and phase 
equilibrium) of the compounds involved in the process. The aim of this work was to 
obtain these data for distillable and switchable ionic liquids. The systems selected for this 
study are described below. 
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Fig. 1. An example of a lignocellulosic biomass conversion process. 

 

1.1 Systems of interest 

The systems of interest are listed in Table 1 and described in detail in chapters 1.1.1-1.1.3. 
The systems were selected in cooperation with three Finnish research groups and 
industrial partners. Prior to this study, several switchable and distillable ionic liquids were 
screened for their potential in biomass processing by the research groups of Industrial 
Chemistry and Reaction Engineering in Åbo Akademi [9-11], and Organic Chemistry in 
University of Helsinki [13-14]. In addition to the biomass dissolution capability, several 
other properties were considered important for the applicability of the screened ionic 
liquids in the industrial scale. Such properties were chemical stability, physical properties 
(e.g. viscosity) and prices of the precursor compounds. Simultaneously, the ionic liquids 
potential for a cellulose fiber production was investigated by the Biorefineries research 
group in Aalto University [15-16]. 

The first ionic liquid selected for this study was the switchable ionic liquid carbon 
dioxide (CO2) + 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) + glycerol which synthesis 
was first described by Anugwom et al. (2011) [9]. A year later, a selective extraction of 
hemicellulose from lignocellulosic biomass with several switchable ionic liquids was 
demonstrated [10-11]. The CO2 + DBU + glycerol system was considered as one of the 
most interesting switchable ionic liquids for the hemicellulose extraction from the 
lignocellulosic biomass because of the low price and high availability of its precursors 
glycerol (a by-product of biodiesel) and CO2. Moreover, the possibility to change the 
solvation properties of the system with absorption and desorption of CO2 may provide an 
elegant way to precipitate the dissolved hemicellulose [9-11]. However, despite the 
proven concept, no systematic studies regarding the CO2 absorption and desorption 
conditions in DBU + glycerol systems have been conducted. Such data is important for 
the process design because the system’s composition affects its solvation properties and 
the reactor design. Therefore, the phase equilibrium of the CO2 + DBU + glycerol system 
was studied in this work.  

The second ionic liquid of this study was the distillable ionic liquid 
1,5-diazabicyclo[4.3.0]non-5-enium acetate [DBNH][OAc], which synthesis procedures 
and several properties were first reported by Parviainen et al. (2013) [14]. From the 
studied distillable ionic liquids, [DBNH][OAc] was considered to have high potential for 
the industrial application mainly because of its high cellulose dissolution capacity and 
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low viscosity. After the initial study of the ionic liquids potential for the cellulose fiber 
production, a novel process, named Ioncell-F, was introduced [15]. In the process, 
[DBNH][OAc] is used as a cellulose solvent. The process consists of three main steps. 
First, cellulose is first dissolved in [DBNH][OAc]. Next, the cellulose is regenerated and 
spun from the solution in a cold water bath. After the regeneration, [DBNH][OAc] is 
separated from water and reused in the cellulose dissolution step [15-16]. In this work, a 
thermodynamic study of [DBNH][OAc] was conducted to provide data for the design of 
the recycling step of [DBNH][OAc] and the overall optimization of the process energy 
consumption. 

While the ionic liquids CO2 + DBU + glycerol and [DBNH][OAc] were the main subjects 
of this study, the thermodynamic data of their respective precursors and several 
multicomponent systems were considered important for the process design. Therefore, the 
precursor amidines (DBN and DBU), CO2 + DBU / glycerol, and several aqueous 
systems were also studied in this work. The aforementioned systems were studied for 
three reasons. First, the precursors may form in the process because the studied ionic 
liquids are formed via the reversible reactions, and may at certain conditions decompose 
back into the molecular precursor compounds. Second, the aqueous binary mixtures were 
studied because of the expected accumulation of water from the lignocellulosic feedstock 
and the use of water as an antisolvent during the regeneration of the dissolved biomass 
[15-16]. Third, the CO2 solubility in pure DBU and glycerol was studied in order to 
completely understand the CO2 absorption mechanism of the CO2 + DBU + glycerol 
systems. 

 

Table 1. Summary of the studied systems. 

Pure compounds Refs. 
DBU I, II 
DBN II, III 
[DBNH][OAc] III, IV 
   
Binary systems  
H2O + DBU II 
H2O + DBN II 
H2O + [DBNH][OAc] III, IV 
CO2 + DBU I 
CO2 + glycerol I 
   
Ternary systems  
CO2 + DBU + glycerol I 
  

 

 

1.1.1 Pure compounds: DBN, DBU and [DBNH][OAc] 

The description of the multicomponent chemical systems requires thermodynamic and 
physical property data of pure compounds. Therefore, the previously unavailable data, 
such as vapor pressures, enthalpies and densities of DBU, 1,5-diazabicyclo[4.3.0]non-5-
ene (DBN) and [DBNH][OAc] were studied. Although found to be relatively unstable 
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due to the reversible nature of its formation reaction, [DBNH][OAc], consisting of DBN 
and acetic acid in 1:1 molecular ratio, was treated in this work as a single compound. 
Such treatment was considered practical because the cellulose dissolution has been 
demonstrated only for the 1:1 HOAc:DBN ratio. Therefore, that ratio is also expected to 
be used in the industrial process. However, the possibility of decomposition of 
[DBNH][OAc] into its precursors and non-1:1 HOAc:DBN ratio systems was constantly 
observed and taken into account during the experiments. For example, [DBNH][OAc] 
was found to decompose into pure DBN and 5:3 HOAc:DBN complexes during its 
evaporation, as described in chapter 3.2.2. In general, the presence of free molecular 
DBN should be taken into account in the process design especially due to its higher 
volatility compared to [DBNH][OAc]. The structures of the studied pure compounds are 
presented in Fig. 2. 

 

 

Fig. 2. Structures of pure amidines and [DBNH][OAc]. 

 

1.1.2 Binary mixtures of water with DBU, DBN and [DBNH][OAc] 

Evaporation of water from the ionic liquid is a necessary step in the lignocellulosic 
biomass fractionation processes due to its accumulation from the raw material. Moreover, 
water hinders the solvation properties of the studied ionic liquids and may be used as an 
antisolvent for the regeneration of the dissolved lignocellulosic biomass [15-16]. In the 
Ioncell-F process, the target water content of [DBNH][OAc] is less than 4 wt. % in the 
beginning of the cellulose dissolution while the expected water mass fraction in the water 
+ [DBNH][OAc] system after the cellulose regeneration is approximately 80 wt. % [17]. 
As seen from the compositions of the systems, a large amount of water has to be 
evaporated before reusing [DBNH][OAc] as a solvent. Thus, the energy efficiency of the 
water separation from [DBNH][OAc] will be crucial for the economics of the Ioncell-F 
process. Moreover, the ionic liquids may dissociate back into the more volatile precursors 
which may evaporate along with water during the thermal separation. As a result, the 
precursors have to be separated from water before reusing them in the synthesis of the 
ionic liquids. Similarly to [DBNH][OAc], water has to be removed from CO2 + DBU + 
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glycerol as well as its molecular precursors (DBU and glycerol) before reusing the ionic 
liquid in the hemicellulose extraction. 

In this work, VLE of mixtures of water with [DBNH][OAc], DBN and DBU were studied. 
The VLE data is required for design and simulation of the evaporation and distillation 
units. Combined with the literature data of the well-studied compounds (e.g. glycerol, 
acetic acid), the measured VLE data will be used in optimization of the water evaporation 
steps of the processes. 

 

1.1.3 CO2 systems: CO2 + glycerol, CO2 + DBU and CO2 + DBU + 
glycerol 

The purpose of the CO2 solubility measurements in DBU, glycerol and DBU + glycerol 
was to provide information about the equilibrium compositions of the liquid and gas 
phases of the systems. In the CO2 + DBU + glycerol systems, the ionic liquid yield via 
the switching reaction may be greatly affected by the DBU:glycerol ratio of the system. 
As presented in Fig. 3, the amount of CO2 molecules bound to each glycerol molecule 
may vary between zero and three depending on the system composition. However, the 
reactivity of each hydroxyl group in glycerol during the CO2 absorption has not been 
studied. If the reactivity of the hydroxyl groups is affected by CO2 absorption, the optimal 
DBU:glycerol ratio for the ionic liquid synthesis may differ from the stoichiometric 3:1 
ratio. Thus, the CO2 absorption in DBU + glycerol at several DBU:glycerol ratios was 
studied. Additionally, the GLE of the CO2 + DBU and CO2 + glycerol systems were 
studied to describe the physical solubility of CO2 in DBU and glycerol.  

 

 

Fig. 3. CO2 absorption mechanism in DBU + glycerol system.  
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2 Thermodynamic principles and modeling 

The thermodynamic principles, simplifications and models used in this work are 
presented in this chapter. The detailed overview of the chemical thermodynamics is 
available in many well-known books, such as Sandler (1999) [18], which was used as a 
basis for this short summary. 

 

2.1 Enthalpy 

Enthalpy is a physical quantity which indicates the amount of thermal energy within the 
system. While the total thermal energy cannot be determined, enthalpies are measured to 
express the energy changes within the system. In general, enthalpies result from reactions 
and state changes occurring in the system. These enthalpies are required in process 
energy balance calculations and energy consumption optimizations. In order to calculate 
the energy balances, the enthalpies should be defined for each compound present in the 
process. However, such data is scarcely available for the studied ionic liquids and 
amidines. In this work, the enthalpies of formation, vaporization and water solution of 
[DBNH][OAc] and DBN, the synthesis enthalpy of [DBNH][OAc] from DBN and acetic 
acid, and the enthalpy of CO2 absorption in DBU + glycerol solutions were determined. 

 

2.2 Vapor pressures of pure compounds 

Vapor pressure, dew point and bubble point are important conditions in describing the 
vapor-liquid phase behavior of a subcritical system. First, the vapor pressure is defined as 
an equilibrium pressure of a vapor phase above a liquid phase at a certain temperature in 
a closed system. The vapor pressures of a pure compound are described with a T-P curve 
(Fig. 4).  Next, the dew point is the temperature at which the first drop of a liquid is 
formed from a vapor phase at a certain pressure. Finally, the bubble point is the 
temperature at which the first bubble of a vapor is formed from a liquid phase at a certain 
pressure. According to the Gibbs' phase rule, pure compounds have two degrees of 
freedom, i.e. temperature and pressure. Therefore, the pure compound liquid and vapor 
phase compositions are equal and the dew point and bubble point curves overlap. 
Moreover, the vapor pressures, dew points and bubble points of a pure compound are 
described with a single T-P curve since they describe the same equilibrium condition. 
However, these conditions are measured with different approaches. If the vapor pressure 
point of a pure compound is measured, the system temperature is fixed and the pressure is 
the measured. On the other hand, in the dew and bubble point measurements, the system 
pressure is fixed and the temperature is measured. In short, the measured points from both 
approaches should produce the same curve for a pure compound, if the experimental 
methods are accurate and the purity of the measured compound is sufficient. 

A typical pure compound vapor pressure curve is presented in Fig. 4. The vapor pressure 
curves are often correlated with an Antoine type equation (e.g. Eq. 1). Moreover, the 
enthalpy of vaporization is derived from the regressed parameters and adjusted to 298.15 
K according to Eq. 2 and 3, respectively. 
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 (1) 

  
(2)

  
 (3) 

 

where Pi
sat is the vapor pressure of compound i, A-C are adjustable parameters, T is the 

temperature, Δl
gHm

o is the enthalpy of vaporization and Δl
gCp,m

o is the heat capacity 
difference between the gas and liquid phases. 
 

 
Fig. 4. A vapor pressure curve of DBU. 

 

2.3 Vapor-liquid equilibrium 

Vapor-liquid equilibrium (VLE) describes the equilibrium distribution of the system’s 
subcritical compounds among the vapor and liquid phases. The equilibrium condition 
between the phases is described with the fugacities according to Eq. 4. 

 

 (4) 
 

where fi
V and fi

L are the vapor and liquid phase fugacities of component i, respectively. 
For non-ideal subcritical systems, the vapor and liquid phase fugacities are expressed 
with a ϕ-γ approach according to Eqs. 5-6, respectively.  

 

 (5) 
  

 (6) 
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Combining these expressions, the phase equilibrium is calculated according to Eq. 7. 

 

 (7) 

 

where ϕi
V and ϕi

L are the fugacity coefficients of compound i in the vapor and liquid 
phases, yi and xi are the mole fractions of compound i in the vapor and liquid phases, γi is 
the activity coefficient of compound i, P is the system total pressure and Pi

sat is the vapor 
pressure of compound i. The exponential term is the Poynting pressure correction factor.  

The fugacity coefficients and the Poynting correction factor were assumed to be unity 
because the investigated systems contain components with high differences in volatility 
and the total pressures were low. Therefore, Eq. 7 was simplified into Eq. 8. This form 
was used in describing the VLE of water + amidine and water + [DBNH][OAc] systems. 

 

 (8) 
 

2.3.1 Activity coefficient models: Legendre polynomial and NRTL 

The purpose of the activity coefficients is to describe the non-ideality of the mixture’s 
liquid phase. The activity coefficient values depend on the liquid phase composition. 
Therefore, they are correlated with excess Gibbs energy models, such as UNIQUAC [19], 
Wilson [20], NRTL [21] and Legendre polynomial [22]. In this work, the Legendre 
polynomial and NRTL models were used. The Legendre polynomial model [22] was 
selected because of its flexibility, which makes it suitable for reduction of zTP data into 
xyTP data using the Barker data reduction method [23] (see chapters 3.3.3 and 3.3.6). 
However, the Legendre polynomial is applicable only for binary systems. On the other 
hand, the NRTL model [21] has been widely used in modeling of various non-ideal 
multicomponent systems. 

The relation between the activity coefficients (γ1 and γ2), the Legendre polynomial (g) and 
the excess Gibbs energy (GE) is presented in Eqs. 9-11 [22]. 

 

             exp(x) = ex (9) 
  

 (10) 
  

 (11) 

 

where x1 is the mole fraction of compound 1 in the liquid phase, T is the temperature, R is 
the gas constant and g’ is the derivative of the Legendre polynomial. 
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The Legendre polynomial (g) is calculated according to Eqs. 12-13 [22]. 

 (12) 

  

 (13) 

 

where ak are the empirical coefficients fitted to the measured data. Eq. 13 is used in 
calculation of Lk when k is equal or greater than 1, while L0 = 1. 

 

The general equation for the calculation of the activity coefficient of compound i (γi) in a 
multicomponent system with the NRTL model is presented in Eq. 14 [21]. 

 

 (14) 

 

The equations derived for binary systems are presented in Eqs. 15-16 [21]. 

 

 (15) 

  

 (16) 

 

The model coefficients (Gij) and the asymmetric energy parameters (τij) are determined 
according to Eqs. 17-18 [21]. 

 

 (17) 
  

 (18) 
 

where gij and gjj are the interaction energies between the molecules and αij=ji is the 
symmetric non-randomness parameter.  
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In the model, αij=ji is considered as a constant and fixed to a suitable value while τij is 
calculated using an empirical temperature dependent function, such as Eq. 19 [24].  

 

 (19) 
 

where aij-bij are adjustable parameters. It should be noted that also other functions can be 
used in the calculation of τij values instead of the function presented in Eq. 19. Thus, the 
τij calculation function should always be presented with the regressed aij-bij parameters. 

 

2.4 Gas-liquid equilibrium 

Gas-liquid equilibrium is a special case of the vapor-liquid equilibrium in which the 
system temperature is higher than the critical temperature of at least one compound of the 
system. Similarly to the VLE for subcritical compounds (Eq. 7), the GLE of the 
supercritical compounds can be described with the ϕ-γ approach (Eq. 20). However, it 
should be noted that the phase compositions can be affected by both physical and 
chemical interactions. The approach presented in this chapter takes into account only the 
physical interactions between the compounds. The approach used for the combined phase 
and chemical equilibrium is described in chapter 2.5. 

 

 (20) 

 

where *
iγ  is the asymmetric activity coefficient of solute i and Hi,S is the Henry’s law 

constant for solute i in solvent S. The asymmetric activity coefficient approaches unity 

when the amount of dissolved solute approaches zero, i.e. *
iγ  → 1 when xi → 0.  

The liquid phase fugacity is calculated according to Eq. 21. However, the asymmetric 
activity coefficient of solute i can be assumed to be unity if the solute concentration in the 
liquid phase is low. Moreover, if the system pressure is not high, the Poynting correction 
values are close to unity. Thus, the expression of the liquid phase is simplified to Eq. 22. 

 

 (21) 

  
 (22) 
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Finally, at low system pressures, the vapor phase fugacity coefficient is assumed to be 
unity, and the GLE expression is simplified to Eq. 23. The Henry’s law constants for CO2 
solubility in pure DBU and glycerol were calculated in this work according to Eq. 24. 

 

 (23) 
  

 (24) 

 

2.4.1 Modeling of CO2 + glycerol / DBU systems 

The Henry’s law constants were calculated from the partial pressures of CO2 and the 
liquid phase mole fractions CO2 (Eq. 24) and correlated with Eq. 25. 

 

 (25) 

 

where A1,S-E1,S are adjustable parameters.  

 

2.5 Combined chemical and phase equilibrium 

As mentioned above, the GLE expressions presented in chapter 2.4 do not take into 
account the chemical reactions between the system compounds. However, both chemical 
and physical types of absorption occur in CO2 + DBU + glycerol systems. The criteria for 
the phase and chemical equilibrium of a biphasic system are presented in Eqs. 26 and 27, 
respectively. The chemical reaction equilibrium criterion assures that the reaction 
equilibrium is reached in all phases if it is reached in one of the phases. The phase 
equilibrium criterion has already been described in chapters 2.3 and 2.4. The combined 
equilibrium is reached when all phases and chemical reactions are in equilibrium. 

 

 (26) 
  

                 j = 1, 2, 3…, m (27) 
 

where fi
k is the fugacity of compound i in phase k, Kj is the equilibrium constant of 

reaction j and ai is the activity of component i and vij is the stoichiometric coefficient of 
compound i in reaction j.  
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Similarly to the phase equilibrium calculations, the activities of Eq. 27 are simplified into 
mole fractions if the system is considered to be ideal (Eq. 28). 

 

 (28) 

  

Several thermodynamic models have been developed for simultaneous description of 
phase and reaction equilibrium of ionic systems. Good examples of such models are 
electrolyte NRTL [25], Posey [26], and Kent-Eisenberg models [27]. The main difference 
between the models is the amount of experimental data required for the system 
description and the regression of model parameters. In other words, the more rigorous 
models describe systems with higher accuracy over wider composition ranges than the 
simple empirical models due to the lower amount of simplifications made for the 
system’s species’ interactions and reactions. On the other hand, the simple models can 
describe less studied systems since only a fraction of data is required for the parameter 
regression compared to the rigorous models. In short, the selection of the model should be 
based on the amount of phase and chemical equilibrium data. 

In this work, a simple Posey [26] type model was developed for description of CO2 
solubility in DBU + glycerol systems. The Posey model has been previously used in 
describing solubility of CO2 and hydrogen sulphide (H2S) in aqueous monoethanolamine, 
diethanolamine (DEA) and N-methyldiethanolamine (MDEA)   [26, 28]. The model was 
selected due to the scarce availability of thermodynamic data for the CO2 + DBU + 
glycerol system. Nevertheless, all of the available data types, i.e. the results of phase 
equilibrium of CO2 + DBU, CO2 + glycerol and CO2 + DBU + glycerol, were used in the 
model. The model framework is described in chapter 2.5.1. 

 

2.5.1 Modeling of CO2 + DBU + glycerol systems 

Following reactions were considered in modeling of CO2 (1) + DBU (2) + glycerol (3) 
systems: 

 

DBUH+ gly OH 2 CO3
- DBU + gly OH 3 + CO2 (29) 

 

DBUH+ gly OH CO3 2
2- DBU + gly OH 2 CO3

- + CO2 (30) 
 

DBUH+ gly CO3 3
3- DBU + gly OH CO3 2

2- + CO2 (31) 
 

During the model formulation, the possible formations of a zwitterion and a carbamate 
from DBU and CO2 were considered to be negligible since the nitrogen atoms in DBU are 
sterically hindered and CO2 solubility in DBU is much lower than in DBU + glycerol. 
Based on the observations of temperature behavior of CO2 + DBU + glycerol systems, the 
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reactions described in Eqs. 30-31 were simplified into a single reaction (Eq. 32). The 
assumption was made due to the inability to distinguish the bicarbonate and tricarbonate 
formation reactions with the currently available data. 

 

DBUH+ + gly CO3 3
3- CO2(liq) + DBU + gly OH 2 CO3

- (32) 
 

The equilibrium constants of reactions described in Eqs. 29 and 32 are calculated 
according to Eqs. 33 and 34, respectively. 

 

 (33) 

  

 (34) 

 

where xi are mole fractions compound i. In Eq. 33, excess amounts of glycerol are 
assumed to be present in the system. Similarly, excess amounts of glycerol 
monocarbonate ions are assumed to be present in the system in Eq. 34. The activity 
coefficients were not included in the model due to unavailability of values for the reaction 
equilibrium constants. 

The mole fractions of the present species are calculated according to Eqs. 35-39. 

 

 (35) 
  

 (36) 
  

 (37) 

  
 (38) 

  

 (39) 

 

where xi° are the initial mole fractions DBU (2) and glycerol (3) before releasing CO2 
into DBU + glycerol solutions, α1,i is the loading with respect to compound i and H1,m is 
the Henry’s constant for CO2 solubility in the DBU + glycerol mixture. 

 

 

 

 



14 
 

The loading and the Henry’s law constants were calculated according to Eqs. 40-42. 

 

 (40) 

  

 (41) 

  
 (42) 

 

where n1
L is the molar amount of CO2 (1) dissolved in the DBU (2) + glycerol (3) 

solution and ni is the total mole amount of compound i. The Henry’s law constant’s for 
CO2 solubility in pure DBU and glycerol (Eqs. 41-42) were measured and modeled in this 
work. 

Combining Eqs. 33-42, the equilibrium constants are calculated according to Eqs. 43-44. 

 

 (43) 

  

 
(44) 

 

Further simplifications were made in the model in order to keep the regression of the 
model parameters sufficiently simple. In the systems with low loadings with respect to 
glycerol (α1,3 < 0.33), the formation of bicarbonates or tricarbonates was assumed to be 
negligible. Therefore, Eq. 43 was assumed to describe these systems with sufficient 
accuracy. On the other hand, every glycerol molecule was assumed to have formed 
monocarbonate in the systems with high loading with respect to glycerol (α1,3 > 0.33). 
Therefore, the high glycerol loading systems were described with Eq. 44. Physical 
solubility of CO2 in glycerol monocarbonate was assumed to be same as in pure glycerol. 

The reaction equilibrium constants were calculated from the experimental data and 
correlated with Eq. 45. 

 

 (45) 

 

where Ai-Di are adjustable parameters which were regressed using an objective function 
presented in Eq. 46. 
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 (46) 

 

Similarly to the enthalpy of vaporization (see chapter 2.2), the absorption enthalpy of CO2 
in DBU + glycerol is derived from the temperature dependence of the CO2 absorption, 
which is described by parameter Bi in Eq. 45. Thus, the absorption enthalpy (ΔabsH) is 
calculated according to Eq. 47. 

 

 (47) 
 

2.5.2 Gas phase composition calculation: Virial equation of state 

The amount of solute in the liquid phase (x1) is required for the GLE calculations. As 
described in the experimental section of this work (chapter 3.3.5), these values were 
derived from the calculated amounts of the solute in the gas phase and the total amount of 
the injected solute. Hence, an accurate description of the molar amount of the solute in 
the gas phase was required in order to accurately calculate its amount in the liquid phase. 
In general, the state of the gas is specified with four variables, which are pressure (P), 
temperature (T), volume (V), and the amount of moles (n). The relation of these variables 
is described with an equation of state which general form is presented in Eq. 48. Using 
these variables and the gas constant (R), the state of the ideal gases is described according 
to Eq. 49. 

 

 (48) 
  

 (49) 
 

However, the behavior of the real gases deviates from the ideal gases due to the presence 
of the attractive and repulsive forces between the gas molecules. Therefore, a 
compressibility factor (Z) is introduced in order to describe the behavior of the real gases. 
The relation of the ideal and real gases to the compressibility factor is presented in Eq. 50. 

 

 (50) 

 

where Vm
IG is the molar volume of the ideal gas and Vm is the molar volume of the real 

gas. In this work, the compressibility factors were calculated using the virial equation of 
state presented in Eq. 51. The gas phase was assumed to consist entirely of CO2. This 
simplification was assumed to have a negligible effect on the results due to a non-volatile 
nature of the other system compounds (DBU and glycerol) at the studied conditions. 
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 (51) 

 

where B(T) and C(T) are the second and third virial coefficients. In this work, the virial 
equation of state was truncated after the second virial coefficient which is a common 
procedure. 
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3 Experimental procedures 

The physical property and phase equilibrium data can be considered to be of high quality 
only if the measurement sample purity is sufficient and the selected measurement 
methods are suitable for the systems. In this work, several physical properties and two 
types of phase equilibrium were studied for the single, binary and ternary systems.  A 
combination of both experimental and computational methods were used in this work to 
obtain the necessary data. In this chapter, methods and procedures used in the sample 
preparation and the measurements are presented. The studied systems are summarized in 
Table 2. 

 

Table 2. Summary of systems and properties studied in this work. 

Single component 
systems Studied properties Methods Ref. 

DBN Density, enthalpy of formation, 
dew points, enthalpy of vaporization 

Solution calorimetry + 
computational method, 
distillation, density meter 

II, 
III 

DBU Density, dew points,  
enthalpy of vaporization Distillation, density meter I, II 

[DBNH][OAc] Enthalpy of formation, enthalpy of 
vaporization, evaporation behavior 

Solution calorimetry + 
computational method, 
distillation  

III, 
IV 

5:3 HOAc:DBN complex Dew points, enthalpy of vaporization Distillation IV 
        
Binary systems       
CO2 + DBU Gas-liquid equilibrium Static total pressure method 2 I 
CO2 + glycerol Gas-liquid equilibrium Static total pressure method 2 I 

H2O + DBN Vapor-liquid equilibrium Static total pressure methods 1 
and 2 II 

H2O + DBU Vapor-liquid equilibrium Static total pressure methods 1 
and 2 II 

H2O + [DBNH][OAc] Vapor-liquid equilibrium Static total pressure method 2 IV 
        
Ternary systems       
CO2 + DBU + glycerol Gas-liquid equilibrium Static total pressure method 2 I 
        
 

3.1 Materials 

DBN, DBU, glycerol, acetic acid and CO2 were purchased from the common chemical 
suppliers. The sample information of these compounds is summarized in Table 3.  The 
samples were stored in a desiccator prior to the experiments in order to minimize their 
contact with the air moisture.  In addition, the DBN and DBU samples were further 
purified for the VLE experiments and the synthesis of [DBNH][OAc] using the 
low-pressure distillation. In the case of DBN, the sample color changed after the 
distillation from yellow or orange to a colorless liquid. The yellow or orange color 
indicated a presence of trace amounts of oxidation products of DBN. Several methods 
were applied for purity analysis of the samples. Water contents of all samples were 
determined using Mettler Toledo DL38 Karl Fischer titrator. In addition, the DBN and 
[DBNH][OAc] samples were analyzed in more detail using proton nuclear magnetic 
resonance (1H NMR) spectroscopy. 
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Table 3. Sample information. 

Chemical name Source Final mass 
fraction purity 

Water 
content 

Analysis 
method 

Purification 
method 

Glycerol Sigma-Aldrich ≥ 0.995 ≤ 0.0002 K-F - 

Acetic acid Sigma-Aldrich ≥ 0.998 - - - 

DBU Fluka ≥ 0.999 ≤ 0.0004 K-F Distillation 

DBN Fluorochem ≥ 0.997 ≤ 0.003 1H NMR, K-F Distillation 

CO2 AGA ≥ 0.9999 - - - 

 

3.1.1 [DBNH][OAc] synthesis 

The protic ionic liquid [DBNH][OAc] was synthesized by mixing equimolecular amounts 
of DBN and acetic acid. Two purity grades of [DBNH][OAc] were produced in this work. 
The high purity grade [DBNH][OAc] was produced for the physical property 
measurements while the industrial purity grade [DBNH][OAc] was used in the VLE 
measurements. Both purity grades were used in the evaporation behavior and dew point 
experiments. Two purity grades were produced because additional [DBNH][OAc] 
purification steps, such as distillation of DBN to highest possible purity, would be 
unfeasible in the industrial scale due to high energy consumption. In addition, samples 
with similar purities as the industrial grade sample have been previously used in fiber 
production studies [5, 16]. Therefore, the industrial grade [DBNH][OAc] was assumed to 
represent well the [DBNH][OAc] samples obtained after the cellulose regeneration step in 
the Ioncell-F [5] process. 

The main impurities in [DBNH][OAc] were water, the hydrolysis product 
3-(aminopropyl)-2-pyrrolidonium acetate ([APPH][OAc]) and the amide 
1-(3-acetamidopropyl)-2-pyrrolidone (APPAc). The formation reactions of [APPH][OAc] 
and APPAc are presented in Fig. 5. The measured mole fractions of the hydrolysis 
products were ≤ 0.0001, ≤ 0.0095 and ≤ 0.0415 for DBN, high purity [DBNH][OAc] and 
industrial purity [DBNH][OAc], respectively. The measured APPAc mass fraction in 
both purity grades of [DBNH][OAc] was less than 100 ppm. 

 
Fig. 5. Hydrolysis and condensation reactions of [DBNH][OAc] (1) into [APPH][OAc] 
(2) and APPAc (3). 
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As seen from Fig. 5, [DBNH][OAc] undergoes hydrolysis into [APPH][OAc] in presence 
of water. [APPH][OAc], on the other hand, may condensate into APPAc at elevated 
temperatures. Therefore, distilled DBN was used in the synthesis of the high purity 
[DBNH][OAc] in order to minimize the formation of [APPH][OAc]. Moreover, the 
synthesis was conducted in a 1 dm3 constantly stirred and cooled glass flask at 
temperatures below 323.15 K to minimize the formation of APPAc. The obtained 
[DBNH][OAc] samples crystallized after the synthesis at the room temperature. The 
samples were used without further purification via distillation because [DBNH][OAc] 
was observed to dissociate into two products during the evaporation. The high purity 
[DBNH][OAc] samples were stored in 0.2 dm3 bottles, flushed with nitrogen and placed 
inside a desiccator to minimize the contact with air moisture and oxygen. The storage 
time of these samples did not exceed one month. The industrial purity grade 
[DBNH][OAc], on the other hand, was produced from unpurified DBN and stored in 2 
dm3 bottles without further procedures. The color of the crystalline [DBNH][OAc] 
samples varied from white to orange. The high purity [DBNH][OAc] samples were white. 
On the other hand, the industrial grade [DBNH][OAc] samples were orange likely due to 
the presence of the oxidation products of DBN. The sample information of both purity 
grades of [DBNH][OAc] is summarized in Table 4. 

 

Table 4. [DBNH][OAc] sample information. 

[DBNH][OAc] purity grade High purity Industrial 

Final mass fraction purity ≥ 0.989 ≥ 0.952 

Mass fraction water content ≤ 0.0003 ≤ 0.0005 

Mass fraction APPAc content ≤ 0.0001 ≤ 0.0001 

Mole fraction of APP/APPH+ ≤ 0.0095 ≤ 0.0415 

Analysis method 1H NMR, K-F 1H NMR, K-F 

 

 

3.2 Purification, evaporation behavior and dew point 
experiments: low-pressure distillation column 

The purification, evaporation behavior and dew point experiments of DBN, DBU and 
[DBNH][OAc] samples were conducted using a Vigreaux type distillation column (30 
mm inner diameter, 400 mm length). The structure of the distillation column is presented 
in Fig. 6. Approximately 0.3 dm3 of the sample was poured into the bottom flask at the 
beginning of each distillation experiment. 
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Fig. 6. Structure of the distillation equipment. (1) magnetic stirrer (Ikamag Rec-G); 
(2) flask heater; (3) 0.5 dm3 bottom flask; (4) distillation column; (5) reflux unit; (6) 
condensing unit; (7) distillate cooling unit; (8) 0.2 dm3 distillate flask; (9) metering valve; 
(T) temperature probe; (P) pressure meter; (N2) nitrogen trap; (PUMP) vacuum pump. 

 

The equipment was originally constructed for the vapor pressure measurements of a 
protic ionic liquid 2-(hydroxy)ethylammonium acetate (2-HEAA) by Penttilä et al. (2014) 
[29]. In this work, the pressure transducer of the apparatus was changed to a Druck 
PDCR 4021 connected to a Druck DPI 280 display unit. The pressure transducer enabled 
accurate dew point measurements over a 0.5 - 101 kPa pressure range. The pressure range, 
resolution and standard uncertainty of the pressure transducer were 0 - 1000 kPa, 0.1 kPa 
and ± 0.4 kPa, respectively. Prior to the experiments, the pressure transducer was 
calibrated using a Beamex MC2-PE over a 0.5 - 101 kPa pressure range. The pressure 
range, resolution and standard uncertainty of the Beamex MC2-PE were 0 - 300 kPa, 0.01 
kPa and ± 0.15 kPa, respectively. The temperatures at the top and the bottom of the 
distillation column were measured using a thermometer (ASL Tinsley F200) equipped 
with Pt-100 probes. The resolution and standard uncertainty of the thermometer were 
0.001 K and ± 0.02 K, respectively. 
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3.2.1 Purification procedures 

The amidine samples were purified prior to their use in the dew point and VLE 
experiments or the synthesis of [DBNH][OAc]. At the beginning of the sample 
purification, the apparatus and the sample inside a 0.5 dm3 constantly stirred bottom flask 
were evacuated at 298 K under 0.1-0.15 kPa pressure. The purpose of the evacuation was 
to decrease the amount of water and other light components present in the sample and the 
distillation column itself. Small amounts of these components were observed to 
accumulate in the nitrogen trap.  

After the evacuation, the distillation experiments were started by heating the sample 
towards its boiling temperature. The distillation was performed under 0.1-0.15 kPa 
pressure range. The temperatures during the distillation of DBN were 328-338 K and 
348-358 K at the top and at the bottom of the column, respectively. During the distillation 
of DBU, the measured temperatures were 348-358 K and 368-378 K at the top and at the 
bottom of the column, respectively. Two distillate products were recovered from the 
distillation of each sample. The first product was enriched with the light impurities, such 
as water. The second distillate product had a considerably lower water content than the 
first product. For example, the measured water mass fractions of the first and the second 
DBN distillate products were less than 0.005 and 0.003, respectively. Therefore, the 
second product was used in the experiments. 

 

3.2.2 Dew point and distillation experiments 

In addition to the sample purification, the distillation column was used in the dew point 
measurements and the distillation experiments of DBN, DBU and [DBNH][OAc]. During 
the sample purification attempts, [DBNH][OAc] was observed to distill in two products, 
pure DBN and a 5:3 HOAc:DBN complex. Therefore, its evaporation behavior was 
investigated in more detail. The investigation was conducted under 0.5-2 kPa pressures 
which were considered to be similar to the pressures levels expected to be used in the 
Ioncell-F process. Both purity grades of [DBNH][OAc] were used in the distillation 
experiments. 

The dew point measurements were conducted for DBN, DBU and the aforementioned 
two distillation products of [DBNH][OAc]. The experiments were started from the lowest 
pressure. Total reflux was used during the measurements to maximize the system 
pressure stability. The systems were first heated up to boil at the desired pressure and 
then given 20 minutes time to stabilize. The system temperatures were then observed for 
10 minutes and recorded. After recording the corresponding temperatures, the system 
pressures were elevated by 0.5-5 kPa. In the [DBNH][OAc] experiments, the first 
distillate product was completely collected in the distillate flask before initiating the 
measurements of the second product. The experiments were repeated two or three times 
for each compound to ensure the accuracy of the results.  
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3.3 VLE and GLE: Static total pressure method 

The vapor-liquid and gas-liquid equilibrium measurements were performed using two 
variations of a static total pressure method (methods 1 and 2).  In the method, total 
pressures and temperatures are measured for a system with a known composition. The 
system is considered to be in equilibrium if the pressure and the temperature remain 
constant over an extended period of time, in this case 20-60 minutes. Two methods were 
required mainly due to the wide pressure region of the measurements. The measured 
pressures in the VLE and GLE experiments were 0.04-45.95 kPa and 1-3172 kPa, 
respectively. As seen, the pressure regions of these experiments overlap at the lower 
pressures. Therefore, the method 2, constructed originally for the GLE measurements, 
was also used in the VLE measurements. The method 1 was used only in the VLE 
measurements. The use of two methods enabled also data validation of the systems with 
high measurement uncertainty, such as water rich regions (water mole fraction > 0.9) of 
water + DBN and water + DBU systems. The methods and the measurement procedures 
for each system are described below. 

 

3.3.1 Sample degassing 

In addition to the purification procedures, the samples were degassed before their use in 
the GLE and VLE measurements. In the GLE measurements, the degassing was 
performed inside the equilibrium cells due to the non-volatile nature of the compounds. 
On the other hand, such procedure was challenging for water + DBN and water + DBU 
systems due to high CO2 absorption capacity of the amidines and volatile nature of water. 
Therefore, pure DBN, DBU and water were degassed before their injection into the 
equilibrium cells or the syringe pumps. 

The degassing apparatus is presented fig. 7. The degassing was conducted at relatively 
low temperatures (288-298 K). Thus, only small amounts of the samples (< 1 wt. %) were 
evaporated from the flask and captured in the nitrogen trap. The minimum time used for 
degassing of each sample was two hours. 

 

Fig. 7. Structure of the degassing apparatus. (1) ultrasonic bath; (2) 0.2 dm3 sample flask;          
(3) ball valve; (4) brass joint; (N2) liquid nitrogen trap; (PUMP) vacuum pump. 
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3.3.2 Method 1: VLE 

Static total pressure method 1 was used in the VLE measurements of water + DBN and 
water + DBU systems. In this method, a single experiment consisted of total pressure 
measurements for several compositions at a single temperature. The compositions were 
controlled by injecting the preset volumes of the compounds. Two isotherms were 
measured for both water + DBN and water + DBU systems. The structure of the 
apparatus is presented in Fig. 8. Over the years, versatility and measurements accuracy of 
the apparatus has been improved by several modifications. The detailed descriptions of 
the apparatus are available in [30-31] while the latest modifications are described in 
[29, 32-33]. 

 

Fig. 8. Static total pressure method 1. (1) equilibrium cell; (2) Isco syringe pumps 
equipped with circulating water baths; (3) sample feed and vacuum lines; (4) water bath 
temperature control unit; (5) water bath mixer; (N2) nitrogen trap; (P) pressure 
transducer; (T) temperature probe. 

 

The total pressure of the cell was measured with a GE UNIK5000 pressure transducer 
connected to a Druck DPI 280 display unit. The pressure range, resolution and standard 
uncertainty of the transducer were 0-150 kPa, 0.01 kPa and ±0.6 kPa, respectively. The 
temperature of the equilibrium cell was measured using the Frontek Thermolyzer S2541 
equipped with a Pt-100 probe. The resolution and uncertainty of the thermometer were 
0.005 K and ±0.01 K, respectively. The compounds were injected with Isco syringe 
pumps. The pressures of the syringe pumps were 3 bar. The standard uncertainty of the 
temperature probe, the pressure and the volume of the syringe pumps were ±0.01 K, ±0.3 
kPa and ±0.02 cm3, respectively. The temperatures of the cell and the syringe pumps were 
controlled using three circulating water baths. 

Before starting the measurements, the water bath surrounding the equilibrium cell was 
heated up to the desired temperature. The empty equilibrium cell was kept in the bath 
overnight in order to stabilize the system temperature. In addition, the 50-100 cm3 
samples were first degassed and stored in the syringe pumps overnight.  
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The measurements were started by injection of the first compound into the empty 
equilibrium cell. Next, the second component was injected stepwise until the final 
composition was reached. The equilibrium temperatures and pressure readings along with 
the volumes of the injected compounds were recorded during the measurements. The 
system was considered to be in equilibrium if the cell temperature and pressure were 
stable for at least 20 minutes. The stability of these values was observed from a data 
graph drawn by the data recording software. The equilibrium pressures were reached in 
approximately 20-60 minutes after the addition of the second compound. After measuring 
the entire composition range, the procedure was repeated with the injection of the second 
compound in the empty equilibrium cell, and the stepwise addition of the first compound. 
Thus, the quality of the measured data was determined by comparison of two data sets, 
which measurements were started from the opposite ends of the system composition. In 
addition, the measured data was validated by checking the consistency between the data 
sets measured with the methods 1 and 2. 

In this work, the emphasis was put on ensuring the purity of DBN and DBU samples due 
to their high CO2 absorption capacity and possible decomposition. Although the samples 
were degassed and the air contact was minimized, the DBN and DBU samples were 
observed to release CO2 and possibly other absorbed gases inside the equilibrium cell. 
The gas release was observed through considerable fluctuations between the measured 
total pressure values at the same composition, and the unexpected total pressure values 
especially at low and high water content regions (mole fractions of water lower than 0.1 
or higher than 0.9). At the beginning of each experiment, the gas content of the sample 
was checked by measuring the vapor pressure of the pure compound injected in the 
equilibrium cell, and comparing it to the vapor pressure model value. However, the vapor 
pressure values for pure DBN and DBU were very low at the studied temperatures. Thus, 
the pure compound vapor pressure values measured with the static total pressure method 
could only be considered as estimates suitable only for checking the sample purity. If the 
measured vapor pressure of the sample was considerably higher than the model value, the 
sample was degassed in the equilibrium cell until the measured value was stable and close 
to the value calculated from the vapor pressure model. The degassing in the cell was 
conducted in short periods of time to minimize the evaporation of the sample. The 
aforementioned degassing procedure cannot be recommended for volatile samples (e.g. 
water) due to the considerable evaporation of the sample itself along with the absorbed 
gas. 

 

3.3.3 Method 1: VLE calculation procedures 

In method 1, total pressures and temperatures of a chemical system are measured. In 
addition, the overall system composition (z) is calculated from the injected volumes of 
compounds loaded into the syringe pumps. These variables define the compositions of the 
liquid and vapor phases. The compositions of the vapor and liquid phases depend on the 
fugacities and activity coefficients of the systems. On the other hand, the fugacities and 
activity coefficients depend on the compositions of the phases. Therefore, an iterative 
procedure is required to calculate the liquid and vapor compositions and the activity 
coefficients from the measured data. In this work, a combination of the Barker data 
reduction method [23] with the activity coefficient model was used to calculate the 
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compositions of the liquid and vapor phases and the activity coefficients of the systems. 
The vapor phases were assumed to be ideal since the system pressures were low. 

Data reduction with the Barker method requires the cell volume, the pure compound 
molar volumes and the pure compound vapor pressures. The molar volumes of DBN and 
DBU were derived from their densities. The vapor pressures and the densities of pure 
compounds were calculated from the correlations taken from the literature or developed 
in this work. The data reduction and activity coefficient calculations were performed for 
water + DBN and water + DBU using the VLEFIT program package. 

 

3.3.4 Method 2: GLE and VLE measurements 

The structure of the second static total pressure apparatus and the equilibrium cell are 
presented in Figs. 9 and 10, respectively. The detailed description of the apparatus is 
available in [I]. In this method, the total pressure values are measured for single 
compositions at several temperatures instead of varying compositions at one temperature 
as in method 1. The amount and composition of the sample in the cell are determined 
from the masses of the injected compounds. The method was used in the GLE 
measurements of CO2 + DBU + glycerol and in the VLE measurements of 
water + [DBNH][OAc], water + DBN and water + DBU systems. The purpose of the 
VLE measurements for water + DBN and water + DBU systems was to provide the data 
for the water rich regions due to the inconsistent initial results produced with method 1. 
The main advantage of this method was the possibility to perform several degassing 
procedures for the injected sample at different temperatures. This advantage was utilized 
especially for water + DBU and water + DBN systems which have high CO2 absorption 
capacity.  

 

 

Fig. 9. Static total pressure method 2. (1) equilibrium cells; (2) shaker apparatus; (3) 
equilibrium cell mount; (4) pressure and temperature recorder; (5) oven; (PT) pressure 
transducer; (TT) temperature probe. 
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Fig. 10. Equilibrium cell structure in static total pressure method 2: (1) equilibrium cell; 
(2) service valve for CO2 feeding; (3) evacuation valve; (4) lower part of equilibrium cell; 
(5) upper part of equilibrium cell system; (PT) pressure transducer; (TT) temperature 
probe. 

 

The equilibrium cells were heated in an Ordior Venticell 111 oven and weighed with 
Precisa 410AM FR balance with a resolution of 0.0001 g and a standard uncertainty of 
±0.002 g. System temperature was measured using an Automatic Systems Laboratories 
(ASL) Tinsley F200 thermometer with a Pt-100 probe. The F200 thermometer had a 
resolution of 0.001 K and a standard uncertainty of ±0.02 K. Three pressure transducer 
models were used in this work. Initially, pressures of two cells were measured with Druck 
PDCR 4021 and Paroscientific 31K-165-HT-CE pressure transducers. However, the 
apparatus was upgraded to simultaneously measure four cells and the pressure transducers 
were replaced with four General Electric (GE) Druck DPS 8000 transducers. The new 
transducers were connected to a National Instruments (NI) cRIO-9076 automatic data 
acquisition system. The upgraded setup allowed constant observation of systems’ 
pressure and temperatures from a PC. The GE Druck DPS 8000 pressure transducers 
were calibrated with a Beamex MC2-PE unit. The properties of the pressure transducers 
are summarized in Table 5.  

 

Table 5. Pressure transducers used in the static total pressure method 2. 

Pressure transducer model Display unit Pressure range 
(kPa) 

Resolution 
(kPa) 

Uncertainty 
(kPa) 

Druck PDCR 4021 Druck DPI 280 0-1000 ±0.1 ±0.8 

Paroscientific 31K-165-HT-CE Digiquartz Model 730 0-5000 ±0.001 ±0.05 

GE Druck DPS 8000 NI cRIO-9076 + PC 0-1400 ±0.001 ±0.3 

GE Druck DPS 8000 NI cRIO-9076 + PC 0-2000 ±0.001 ±0.3 

GE Druck DPS 8000 NI cRIO-9076 + PC 0-2000 ±0.001 ±0.3 

GE Druck DPS 8000 NI cRIO-9076 + PC 0-3500 ±0.001 ±0.3 
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In the method 2, the experiments were started by injecting the samples into the lower part 
of the cell. The lower parts of the cells were weighed before and after each sample 
injection to determine the masses of the injected compounds. Next, the cells were placed 
in an ultrasonic bath and degassed using a vacuum pump. The upper part of the cell was 
attached to the lower part during the degassing to observe the pressures. The solution was 
considered to be degassed if the pressure remained constant for 15 minutes after closing 
the evacuation valve. A nitrogen trap was attached between the cell and the pump. The 
typical amounts of the injected and the evaporated sample were 1.4-20 g and 0.02-0.1 g, 
respectively. The highest amounts of the evaporated sample were observed for the 
aqueous systems. Considering the amounts of the evaporated sample and uncertainty of 
the equipment, the combined uncertainty of the sample mass was estimated to be ± 0.02 g. 
In the GLE experiments, CO2 was loaded in the cell after the addition of liquid sample 
and degassing of the cells.  

After the sample addition and the degassing, the upper part of the cell was attached back 
to the lower part and evacuated. The cells along with a temperature probe were mounted 
to a shaker apparatus and placed in the oven. Finally, the service valves of the cells were 
opened and the pressure readings were received. The temperature range of the 
measurements was from 303 to 353 K. The measurements were started by heating the 
cells to 353 K. The temperature was decreased by approximately 10 K after each 
measured equilibrium point. The systems were considered to be in equilibrium if the 
pressure and the temperature remained constant for one hour. Reaching the equilibrium in 
the GLE measurements took from several hours to a few days. In the VLE experiments, 
reaching the phase equilibrium took approximately three hours. After the measurements, 
every part of the cell was washed with water and dried in the oven overnight at 393 K. 

 

3.3.5 Method 2: GLE calculation procedures 

The measured variables in the GLE measurements were the total pressures (P), the 
temperatures (T), and the masses of the injected compounds (mi). In the measurement 
results of the CO2 + DBU + glycerol systems, the solubility of CO2 was expressed as 
loading (α) according to Eq. 52. To provide a detailed evaluation of CO2 solubility in the 
systems, CO2 loading was calculated with respect to both DBU and glycerol (Eqs. 52 and 
53). The purpose of the loadings was to illustrate the amount of reacted functional groups 
of each compound. Since glycerol has three hydroxyl groups, maximum of three CO2 
molecules can be bound chemically to glycerol. Therefore, the molar amount of glycerol 
was multiplied by three in the calculation of CO2 loading with respect to glycerol (Eq. 53). 

 

 (52) 

  

 (53) 

 

where α1,2 is CO2 loading for DBU, α1,3 is CO2 loading for glycerol, n1
L is the moles of 

absorbed CO2 and ni is the moles of compound i.  
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The moles of absorbed CO2 were calculated by subtracting the moles of CO2 in the gas 
phase from the total moles of injected CO2 according to Eq. 54. 

 

 (54) 

 

where n1 is the total moles of injected CO2, Vtot is the total volume of the equilibrium cell, 
VL is the volume of the liquid phase, P1 is the partial pressure of CO2, Z1 is the 
compressibility factor of CO2, R is the gas constant and T is the system temperature.  

In addition, the mole fraction of CO2 in the liquid phase (x1) was required for the Henry’s 
law constant calculation for CO2 + DBU / glycerol systems (Eq. 24), and the modeling of 
CO2 + DBU + glycerol systems (Eq. 37). It was calculated according to Eq. 55. 

 

 (55) 

 

where x1 is the mole fraction of CO2 in the liquid phase, n1
L is the moles of absorbed CO2 

and ni is the moles of compound i (DBU (2) or glycerol (3)). 

The partial pressure of CO2 was calculated by subtracting the partial pressure of DBU + 
glycerol system from the total pressure. The volume of the liquid phase was assumed to 
be the volume of the injected DBU + glycerol mixture which was calculated from the 
densities of pure DBU and glycerol. The compressibility factor was calculated from the 
virial equation of state truncated after the second virial coefficient. The calculation 
procedure is described in detail in [I].  

Several simplifications were made in the calculations of the partial pressure, liquid phase 
volume and the compressibility factor. First, the volume of dissolved CO2 in the liquid 
phase was assumed to be negligible. Second, the vapor pressures of the DBU + glycerol 
systems were calculated as for the ideal mixtures due to the absence of the VLE data for 
these systems. Third, the gas phase compressibility factor calculations were simplified so 
that the gas phase was assumed to consist entirely of CO2 although it also contained 
minute amounts of glycerol and DBU. These simplifications were assumed to have 
negligible effect on the calculation results. 

 

3.3.6 Method 2: VLE calculation procedures 

Similarly to the GLE experiments, the total pressures, the masses of the injected 
compounds and the temperatures were measured. The total composition of the injected 
chemical system (z) was calculated from the masses of the compounds. The measured 
zTP data of water + DBN and water + DBU systems were combined with the results of 
method 1 and reduced into the xyTP data using the Barker method [23], as described in 
chapter 3.3.3. 
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3.4 Density measurements 

Densities of pure DBN and DBU at atmospheric pressure (101.3 kPa) were conducted 
using an Anton Paar DMA 5000 M oscillating U-tube density meter. Prior to the 
measurements, the density meter was calibrated with dry air and degassed distilled water 
at 273.15-358.15 K temperature range. The uncertainty and the resolution of the density 
meter were ±1 ∙ 10-6 g cm-3 and 1 ∙ 10-7 g cm-3, respectively. The uncertainty and the 
resolution of the temperature probe in the density meter were ±0.001 K and 0.001 K, 
respectively. The samples were degassed prior to the density measurements. After each 
measured density value, a small amount of the sample was added into the density meter 
using a syringe. The purpose of the sample replacement was to minimize formation of air 
bubbles and decomposition products in the sample inside the apparatus. The measured 
density data was modeled with correlation presented in Eq. 56. 

 

 (56) 
 

where A-B are the adjustable parameters. 

 

3.5 Enthalpies of formation of DBN and [DBNH][OAc] 

In this work, the crystalline, liquid and gas phase enthalpies of formation of 
[DBNH][OAc] and its precursor DBN were derived from the enthalpies of formation, 
water solution, reaction, vaporization and crystallization of DBN, acetic acid and 
[DBNH][OAc]. The relations between the enthalpies of DBN, acetic acid and 
[DBNH][OAc] are summarized in Fig. 11. The calculation procedures for the enthalpies 
of formation are described in chapter 4.5.  

The main requirement for an enthalpy determination method was its capability of 
producing reliable and repeatable results for the studied compound. In this work, both 
experimental and computational methods were used. The reaction and solution enthalpy 
measurement methods are described in chapters 3.5.1-3.5.2. In addition, the enthalpy of 
fusion of [DBNH][OAc] was measured with differential scanning calorimetry (DSC) by 
Dr. Dzmitry H. Zaitsau in the University of Rostock [III]. On the other hand, the gaseous 
phase enthalpies of formation were determined via quantum-chemical calculations 
performed by Dr. Vladimir N. Emel’yanenko in the University of Rostock [III]. The 
employed computational method has been reported to produce accurate gaseous phase 
enthalpy of formation values for numerous types of compounds [34]. In addition, several 
enthalpy values for DBN and acetic acid were taken from the literature (see chapter 4.5). 
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Fig. 11. Relations between the formation (ΔfHm
o), water solution (ΔsolHm

o), reaction 
(ΔrHm

o), vaporization (Δl
gHm

o) and crystallization (Δcr
lHm

o) enthalpies of DBN, acetic acid 
and [DBNH][OAc]. 

 

3.5.1 Reaction calorimetry 

The net [DBNH][OAc] synthesis reaction enthalpy measurements were conducted using a 
commercial Parr 6755 solution calorimeter (Fig. 12). The enthalpies of the studied 
reaction were calculated from the temperature changes resulted from dissolution of a 
small amount of a solute (acetic acid) into a solvent (DBN). In the experiments, 100 g of 
solvent was placed in a Dewar flask. 1-2 g of solute was injected into a PTFE cell which 
was attached to a cell assembly. The cell assembly was attached to a stirrer motor and 
placed inside the Dewar flask. The reaction was initiated by detaching the PTFE cell from 
the rotating cell assembly with a pushing rod. The temperature changes were measured 
using a Parr 6772 Calorimetric Thermometer. The standard absolute uncertainty and the 
resolution of the thermometer were ±0.05 K and 0.0001 K, respectively. The working 
temperature range of the calorimeter was 283.15-323.15 K. The data was displayed and 
stored on a PC. 

 

Fig. 12. Structure of Parr 6755 solution calorimeter. (1) solvent inside the Dewar flask; 
(2) solute inside the PTFE cell; (3) pushing rod; (4) Dewar flask; (5) cell assembly; 
(6) stirring motor; (7) drive belt;  (8) container; (9) temperature probe. 
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Before the experiments, the energy equivalent of the calorimeter (e’ = 112.14 ± 5.06 J∙K-1) 
was determined by a dissolution of tris(hydroxymethyl)aminomethane (TRIS) (mass 
fraction purity ≥0.998)) in 0.1 M HCl solution according to the recommendations 
provided by the manufacturer [35]. In addition, the energy equivalent value was checked 
with a HCl + NaOH neutralization reaction. The obtained neutralization reaction value 
was adjusted to 298.15 K and infinite dilution as described in [III]. The adjusted value 
(-55.75 ± 0.54 kJ∙mol-1) agreed well with the value recommended by the National Bureau 
of Standards (-55.836 kJ∙mol-1) [36]. 

The experiments were started by investigating the occurrence of a possible complexation 
reaction in addition to the synthesis of [DBNH][OAc]. The investigation was conducted 
by dissolving a small amount of acetic acid into a large amount of DBN and vice versa. 
The calculated enthalpies indicated that dissolving small amounts of DBN in acetic acid 
produced the highest reaction enthalpy values.  On the other hand, experiments with 
excess DBN produced considerably lower reaction enthalpy values which indicated 
possible complex formation in the presence of excess acetic acid. Thus, the reaction 
enthalpy measurements were conducted by dissolving 1-1.5 g of acetic acid in 100 g of 
DBN. However, this procedure did not completely eliminate the chance of the occurrence 
of the complexation reaction, and the results had to be validated through an alternative 
path.  

A temperature profile of an acetic acid dissolution in DBN experiment is presented in Fig. 
13. The total duration of initial, solution and final periods of the experiment was 
approximately 30 minutes. Stable baselines during the initial and final periods of the 
experiment were necessary in order to achieve reliable and repeatable results. Therefore, 
the calorimeter was placed in a constant temperature room in which the stable conditions 
were achieved despite the lack of a thermostat inside the calorimeter. The room 
temperature was 294.5 - 299.5 K over 60 days with ± 0.5 K deviation over 24 hours while 
the relative humidity was 44.5 ± 0.1 %. In addition, the baseline stabilization was ensured 
by starting the sample stirring 90 minutes before the beginning of the experiment. 

 

Fig. 13. Temperature profile in a reaction calorimetry experiment. (1) initial period; (2) 
solution period; (3) final period; (×) interpolated average reaction temperature at which 
the temperature has reached 63 % of its total rise (T(0.63)); (♦) measured data points. 
Gray lines are the extrapolations of the initial and final period points. Vertical line is the 
corrected total temperature rise resulting from the mixing of the compounds (ΔT). 
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3.5.2 Solution calorimetry 

The primary purpose of the solution calorimetry experiments was to determine the net 
synthesis reaction enthalpy of crystalline [DBNH][OAc], which was further used in the 
calculation of the formation enthalpy of crystalline and liquid [DBNH][OAc] (chapter 
4.5.2). In this method, the reaction enthalpy was determined indirectly from a series of 
measured solution enthalpies of acetic acid, DBN and [DBNH][OAc]. The synthesis 
reaction enthalpy of crystalline [DBNH][OAc] from liquid DBN and acetic acid was 
determined with the thermodynamic cycle presented in Fig. 14. The general procedure for 
the determination of the enthalpy of formation of a crystalline compound using the 
solution calorimetry is described in [37-38]. 

 

Fig. 14. Thermodynamic cycle of [DBNH][OAc] and its precursors solution in water. A 
and B are alternative paths for determination of the enthalpy of formation of crystalline 
[DBNH][OAc]. 

 

According to the thermodynamic cycle presented in Fig. 14, the synthesis reaction 
enthalpy of crystalline [DBNH][OAc] from liquid DBN and acetic acid (ΔrH°m(liq → cr) 
can be obtained from the solution enthalpies (ΔsolH°m) via two alternative paths (Eqs. 57 
and 58). The availability of two paths provides a validation method for the reaction 
enthalpy values derived indirectly from the several measured values. 

 

Path A:  (57) 
  
Path B:  (58) 
 

The solution calorimetry experiments were conducted using a modified version of a 
commercial LKB 8700-2 isoperibol solution calorimeter (Fig. 15) constructed by 
Yermalayeu et al. (2015) [39]. Prior to the measurements, the calibration of the 
calorimeter was checked with dissolution of KCl in water. The measured value (17.41 ± 
0.04 kJ∙mol-1) was in good agreement with the value recommended by the International 
Confederation for Thermal Analysis and Calorimetry (17.47 ± 0.07 kJ∙mol-1) [40]. 
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Fig. 15. Measuring cell of LKB 8700-2 isoperibol solution calorimeter. (1) ampoule and 
solute sample; (2) solvent sample inside the glass cell; (3) rotating pushing rod; (4) 
rotation motor; (5) ampoule crusher; (6) thermistor; (7) heater; (8) cell container 
surrounded by water bath. 

 

In this method, small samples of DBN or [DBNH][OAc] were dissolved in water or water 
+ acetic acid solutions. Similarly to the reaction calorimetry experiments, the solution 
calorimetry experiments consisted of the initial, solution and final periods. However, 
unlike with the Parr 6775 calorimeter, an electrical calibration was performed during each 
experiment before and after the sample solution period. The calibrations were performed 
by measuring the system temperature change resulting from directing a known amount of 
heat into the system using a heater. 

An experiment was started by placing a 14.73-148.50 mg solute sample into a 
pre-weighed glass ampoule. 24.79-25.83 g of water or a corresponding solution was 
injected into the glass cell. The liquid solute samples were injected into the ampoules 
using a syringe while the crystallized samples were added as pellets. The sample and 
solution masses were determined from a weight increase of the ampoule or the cell 
resulting from their addition. The ampoule was sealed with a silicon stopper to avoid 
contact between the solution and the sample before the solution period. The solution of 
the sample was conducted by crushing the rotating ampoule inside the glass cell. The 
weighing was performed with a Mettler Toledo AG245 balance which uncertainty and 
resolution were ±0.03 mg and 0.01 mg, respectively. All experiments were performed at 
298.15 ± 0.01 K. The temperature was kept constant with a water bath. The calibration 
and the data treatment procedures were executed with an in-house software [39]. 
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3.6 Enthalpy of vaporization 

The enthalpies of vaporization of DBN and DBU were derived from the measured vapor 
pressures. However, only the enthalpy of vaporization of the 5:3 HOAc:DBN complex 
could be determined from the distillation experiments of [DBNH][OAc] due to the 
observed decomposition of [DBNH][OAc] (see chapters  3.2.2 and 4.2.2). Therefore, the 
enthalpy of vaporization of [DBNH][OAc] was evaluated from a difference between the 
enthalpies of formation in the liquid and gas phases (Fig. 14). The liquid phase enthalpy 
of formation was determined from the reaction and solution calorimetry experiments 
(chapter 3.5). The gaseous phase enthalpy of formation was calculated using the 
computational method described in [III]. 

 

3.7 Experimental uncertainty estimation 

Data uncertainty estimation is an essential part of a high quality experimental data set. In 
this work, uncertainties were estimated for both directly measured and derived variables. 
The uncertainty estimations for the variables of each method are summarized in Table 6. 
In addition, the specific calculation procedures of the uncertainties for each method are 
described in more detail below. 

 

Table 6. Summary of the uncertainty analysis of the variables. 

Variable Description Type Uncertainty Ref. 

mi Mass of the injected compound Measured Instrument I-IV 

Vi 
Volume of the injected 
compound Measured Instrument II 

ni Moles of the injected compound Calculated 
Static 1: Eq. 66 

I-II, IV 
Static 2: Eq. 68 

zi Total equilibrium composition Calculated 
Static 1: Eq. 67 

II, IV 
Static 2: Eq. 69 

T System temperature Measured Instrument I-IV 
P System pressure Measured Instrument I, III-IV 
ρi Density of the pure compound Measured Instrument I-II 
ΔsolHm, 
ΔrHm Enthalpy of solution / reaction Measured Eq. 70 III 

Δl
gHm Enthalpy of vaporization Calculated 

Distillation:  
Eq. 62  II-IV Calorimetry: 
Eq. 71 

ΔfHm Enthalpy of formation Calculated Eq. 71 III 
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3.7.1 Distillation column: dew points and enthalpy of vaporization 

The uncertainties of the measured pressures and temperatures were estimated from the 
known uncertainties of the instruments. The uncertainties of the calculated enthalpies of 
vaporizations were estimated from the uncertainties of the measured variables according 
to the error propagation theory presented by Taylor (1997) [41] (Eqs. 59-60). The 
uncertainty of the slope (a) calculated from the pressures and inverse temperatures was 
calculated first (Eq. 61). The uncertainty of the enthalpy of vaporization was calculated 
from the uncertainty of the slope according to Eq. 62. 

 

 (59) 
  

 (60) 

  

 (61) 

  
 (62) 

 

where a is the slope of the P-T-1 curve, R is the gas constant, P is the pressure, T is the 
temperature and ΔvapHm is the enthalpy of vaporization. The L and H subscripts indicate 
lowest and highest ends of the measured temperature region, respectively. 

 

3.7.2 Static total pressure method 1: VLE 

In static total pressure method 1, the total composition of the cell (zi) is a function of the 
moles of injected compounds (ni) (Eq. 63). Further, the molar amount of a compound (ni) 
is a function of the density (ρi) and the injected volume of a pure compound (Vi) (Eq. 64). 
The uncertainties of the total compositions were estimated from the uncertainties 
resulting from the density correlation and the injection with the syringe pump. The 
uncertainty of the injected volume was estimated from the calibration of the syringe pump. 
On the other hand, the density is a function of the temperature and the pressure of the 
pump (Ti,pump and Pi,pump). (Eq. 65). 

 

 (63) 
  

 (64) 
  

 (65) 
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Based on Eqs. 63-65, the uncertainty of the injected moles was calculated using the 
uncertainties resulting from the density calculation and the volume injection. The 
derivative of the density with respect to the pump temperature was estimated from the 
atmospheric pressure density correlation while the pressure derivative was calculated 
using the Hankinson-Brobst-Thomson correlation [42]. Since zi is a function of ni, its 
uncertainty is calculated using the uncertainties of the measured and correlation values. 
Thus, the uncertainties of ni and zi were derived according to the error propagation theory 
[41] and calculated analytically according to Eqs 66 and 67, respectively [43]. 

 

 (66) 

  

 
(67) 

 

where κi is the compressibility factor of compound i calculated with the Hankinson-
Brobst-Thomson correlation [42]. 

 

3.7.3 Static total pressure method 2: VLE and GLE 

The measured variables in the static total pressure method 2 were the temperature, 
pressure and masses of the injected compounds. The uncertainty sources of the 
temperatures and pressures were assumed to be the instrument uncertainties. For the 
injected masses, the combined uncertainty was estimated. The combined uncertainty was 
estimated from the uncertainties resulting from weighing and the degassing procedures.  

In the VLE measurements, the uncertainties of the moles of the injected compounds and 
the total compositions were additionally estimated. The molar amount of a compound is a 
function of the mass (Eq. 68). Thus, the uncertainties of the moles are calculated using 
the uncertainty of the measured mass. The uncertainties resulting from the molar masses 
were considered to be negligible. As presented in Eq. 63, the total composition is a 
function of the moles of the injected compounds. For this method, the uncertainty for the 
total composition was estimated from the maximum and minimum calculated total 
compositions (Eq. 69).   

 

 (68) 
  

 (69) 
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3.7.4 Solution calorimetry and computational method combination: 
Enthalpies of formation, solution, reaction and vaporization 

The uncertainties of the solution calorimetry experiments were estimated by calculating 
standard deviations for the enthalpy values (Eq. 70). However, the enthalpies of 
formation required a different approach since they were derived from several enthalpy 
values. Similarly, the enthalpy of vaporization of [DBNH][OAc] was derived from the 
enthalpies of formation. Thus, pooled standard deviations were calculated for such 
variables (Eq. 71) [44]. 

 

 (70) 

  

 (71) 

 

where si is the standard deviation of a series i, sp is the pooled standard deviation, xi is a 
measured value in an experiment, x  is a mean measured value, n is the number of 
values in a series, k is the amount of data sets.  
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4 Results and discussion 

This chapter summarizes the measurements and modeling results. The measurements 
conducted in this work are listed in Table 7. The results for each property are presented in 
the chapters below. In addition to the measured data, several physical properties were 
derived from the experimental and modeling results. The derived properties are 
summarized in Table 8. 

 

Table 7. Summary of data measured in this work.a 

Data type System T (K) P (kPa) Number of points Ref. 
Density DBU 293-358 101.3 14 I 
  DBN 293-323 101.3 7 II 
            
Dew point DBU 375-437 0.5-7.3 19 II 
  DBN 358-422 0.7-12.1 18 II 
  5:3 HOAc:DBN complex 405-479 0.5-15.1 13 IV 
            
VLE H2O + DBU 312-352 0.1-44.3 42 II 
  H2O + DBN 312-352 0.1-43.9 63 II 
  H2O + [DBNH][OAc] 302-353 0.3-46.0 54 IV 
            
GLE CO2 + glycerol 302-352 624.5 - 3172.7 19 I 
  CO2 + DBU 302-352 55.5 - 1566.3 20 I 
  CO2 + DBU + glycerol 302-354 1.0 - 1608.5 57 I 
            
Enthalpy of solution DBN in H2O 298 101.3 4 III 
  DBN in H2O + HOAc 298 101.3 11 III 
  [DBNH][OAc] in H2O 298 101.3 5 III 
  HOAc in DBN 300-302 101.3 4 III 
            
a T is the temperature, P is the pressure. 

 

Table 8. Summary of derived physical properties. 

Derived physical 
property System Source data Ref. 

Enthalpy of vaporization DBU Dew points II 
  DBN Dew points II 
  [DBNH][OAc] Enthalpies of formation III 
  5:3 HOAc:DBN complex Dew points IV 
  
Enthalpy of gas absorption CO2 + DBU + glycerol GLE I 
  
Enthalpy of formation 
(liquid) 

DBN Enthalpy of formation (gas),  
enthalpy of vaporization III 

  
[DBNH][OAc] Enthalpies of solution, 

enthalpy of reaction 
enthalpies of formation of precursors 

III 
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4.1 Density 

Densities of pure DBN and DBU were measured in this work mainly due to their 
requirement in calculation of VLE and GLE results. Only a few density values were 
previously reported for both components in material safety data sheets [45-49]. The data 
points measured in this work as well as the literature data are presented in Fig. 16. 

 

 

Fig. 16. Densities of DBN and DBU. (●) this work; (×) literature data (DBN: [45-47], 
DBU:  [48-49]); (- -) correlation. 

 

The measured data were further used in the regression of the parameters for the density 
correlation. The density correlation and the adjustable parameter values for DBN and 
DBU are presented in Eq. 56 and Table 9, respectively. 

 

Table 9. Density correlation (Eq. 56) parameters of DBN and DBU.a 

  DBN DBU 
A 10.265 8.159 
B -6.5118 ∙ 10-3 -4.9751 ∙ 10-3 
Tmin (K) 293.15 293.15 
Tmax (K) 333.15 358.15 
Data Ref. [I] [II] 

a A-B are the adjustable parameters, T is the system temperature, Tmin and Tmax are the 
lowest and highest temperatures of the experimental data points used in fitting of the 
model parameters. 
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4.2 Low-pressure distillation: Evaporation behavior, dew point 
measurements and enthalpy of vaporization calculation 

The dew points of pure DBN, DBU and the 5:3 HOAc:DBN complex were measured 
using the low-pressure distillation method. The results were also used in the calculation 
of the enthalpies of evaporation of the studied compounds. In addition, the evaporation 
behavior of [DBNH][OAc] was studied using the low-pressure distillation. The results for 
the compounds are presented below. 

 

4.2.1 DBN and DBU 

DBN and DBU were observed to be chemically stable during the dew point 
measurements and the purification procedures. The measured dew points were compared 
to the vapor pressure data measured using transpiration and correlation gas 
chromatography (CGC) methods [50]. The dew point data measured this work and the 
literature vapor pressure data of DBN and DBU are presented in Figs. 17 and 18, 
respectively. As seen from Figs. 17 and 18, the measured dew points were in good 
agreement with the vapor pressures from the literature. 

 

 

Fig. 17. Dew point data of DBN measured in this work and vapor pressure data of DBN 
measured by Lipkind et al. (2011) [50]. ( ) data measured in this work; (▲) 
transpiration data. Gray lines are the CGC data. Black lines are the Antoine correlation 
model. 
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Fig. 18. Dew point data of DBU measured in this work and vapor pressure data of DBU 
measured by Lipkind et al. (2011) [50]. ( ) data measured in this work; (▲) 
transpiration data. Gray lines are the CGC data. Black lines are the Antoine correlation 
model. 

 

The measured data were modeled using an Antoine type equation (Eq. 1). The regressed 
adjustable parameters of the Antoine equation for DBN and DBU are presented in Table 
10. In addition, the enthalpies of vaporization at the mean measurement temperature were 

calculated according to Eq. 2 and adjusted to 298.15 K using o
p,m

g
l C  values obtained 

from [50] (Eq. 3). The enthalpy of vaporization values obtained in this work with the 
distillation are compared with the literature values in Table 11. The enthalpy of 
vaporization of DBU obtained in this work shows slight deviation from the literature 
values obtained using the transpiration method (Table 11). On the other hand, the values 
for DBN were in very good agreement with the CGC and transpiration results. Therefore, 
the final Antoine parameters (Table 10) were calculated using both data sets for DBN 
while only the data set measured in this work was used for DBU. The deviations between 
the model and the experimental data are within the measurement uncertainties of the 
measurement equipment. 

 

Table 10. Adjustable parameters of DBN and DBU for the Antoine equation (Eq. 1).a,b 

  DBN DBU 
A 25.951 25.457 
B -6973.88 -7221.09 
C -4.1116 ∙ 10-4 2.6626 ∙ 10-2 
T range (K) 320-423 375-437 
AAD (%) 2.20 1.96 
Data ref. II, [50] II 

a A-C are the adjustable parameters, T is the system temperature, AAD is the absolute 
average deviation. 
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Table 11. Comparison of the enthalpy of vaporization values obtained using distillation, 
transpiration and CGC methods.a  

DBN         

Tm (K) ΔlgHm (Tm) 
(kJ∙mol-1) 

ΔlgHom 
(kJ∙mol-1) Method Ref. 

391.80 56.75 62.64 ± 1.3 Distillation II 
344.26 58.98 61.88 ± 0.21 Transpiration [50] 
423.00   61.20 ± 2.9 CGC [50] 

          
DBU         

Tm (K) ΔlgHm (Tm) 
(kJ∙mol-1) 

ΔlgHom 

(kJ∙mol-1) Method Ref. 

410.53 60.04 68.39 ± 1.5 Distillation II 
348.13 67.01 70.72 ± 0.15 Transpiration [50] 
423.00   68.00 ± 3.1 CGC [50] 

a Tm is the mean temperature, Δl
gHm is the enthalpy of vaporization, Δl

gHo
m is the enthalpy 

of vaporization at 298.15 K. 

 

4.2.2 [DBNH][OAc] 

As mentioned in chapter 3.2, [DBNH][OAc] was observed to form two products during 
the distillation. The shift towards the second product was instantaneous and it was 
observed by an increase of the evaporation temperature of the bottom flask product (Fig. 
19). The compositions of the products were analyzed using 1H NMR spectroscopy. The 
mass balances and the dew points were measured during the distillation experiments for 
both products during the experiments. The evaporation conditions of the first product 
were very close to that of DBN while the second product was considerably less volatile. 
As expected from the initial dew point results, the first product was pure DBN. The 
second product was a stable complex consisting of DBN and acetic acid. The 
HOAc:DBN molar ratio of the complex was 5:3. The remaining bottom flask product also 
contained the 5:3 HOAc:DBN complex in addition to the small amounts of APP and 
APPAc (< 1.0 wt. % in total). In addition to the 1H NMR results, the 5:3 HOAc:DBN 
ratio of the second product was confirmed from the mass balances of the distillation 
products. Approximately 40 wt. % of DBN was distilled from the 1:1 HOAc:DBN 
sample before the heavier second product was distilled. The 1H NMR analysis results for 
distillation performed at 2 kPa pressure are presented in Table 12. 

The evaporation behavior of [DBNH][OAc] was further studied with thermogravimetric 
analysis (TGA) and fast scanning calorimetry (FSC) methods. TGA is a common 
enthalpy of vaporization measurement method in which the evaporation rates of the 
sample are observed at several temperatures. While working on the same principle as the 
TGA, the main advantage of the FSC is the high heating and cooling rates of the sample 
(up to 106 K s-1) which makes this method more suitable for unstable compounds [51]. 
However, [DBNH][OAc] was observed to form DBN and the 5:3 complex at such rate 
that evaporation at 1:1 HOAc:DBN ratio was not possible to measure directly even with 
the FSC. Therefore, [DBNH][OAc] was concluded to be chemically unstable during its 
evaporation. In practice, the stable DBN and the 5:3 complex products can be distilled 
from [DBNH][OAc] and remixed afterwards. 
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Fig. 19. Distillation conditions of [DBNH][OAc] at 2 kPa pressure. The first product 
consists of pure DBN while the second product consists of 5:3 HOAc:DBN complex. 

 

Table 12. Compositions of the initial sample and the distillation products obtained from 
distillation experiment at 2 kPa pressure.a 

Sample xDBN xHOAc xAPP xAPPAc xHOAc / (xDBN + xAPP) xAPP / (xAPP + xDBN) 

Bottom flask, initial 0.4970 0.4983 0.0048 < 0.0001 0.99 0.0095 

Light distillate 0.9868 0.0099 0.0033 < 0.0001 0.01 0.0033 

1st heavy distillate 0.3927 0.6058 0.0016 < 0.0001 1.54 0.0040 

2nd heavy distillate 0.3771 0.6212 0.0017 < 0.0001 1.64 0.0045 

Bottom flask, final 0.3707 0.6150 0.0078 0.0065 1.63 0.0206 
a xi is the mole fraction of compound i. 

 

As mentioned above, dew points of both distillation products of [DBNH][OAc] were 
measured. The first product evaporated at the same conditions as DBN while the second 
product was less volatile. The measured dew points are presented in Fig. 20. Similarly to 
DBN and DBU, the dew points of the 5:3 complex were modeled using the Antoine 
equation (Eq. 1). The enthalpy of vaporization of the complex was calculated and 
adjusted to 298.15 according to Eqs. 2 and 3, respectively. A common estimate for ionic 
liquids, Δl

gC°p,m =  -100  J∙(mol∙K)-1, was used in adjustment of the enthalpy of 
vaporization to 298.15 K [52]. The Antoine parameters and the enthalpy of vaporization 
of the 5:3 complex are presented in Table 13. 
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Fig. 20. Measured dew points of the two [DBNH][OAc] distillation products. ( ) first 
distillation product (DBN); ( ) second distillation product (5:3 HOAc:DBN complex). 
Gray lines are the 5:3 HOAc:DBN complex vapor pressure model. Black lines are the 
DBN vapor pressure model. 

 

Table 13. Adjustable parameters of Antoine equation (Eq. 1) and enthalpy of vaporization 
of the 5:3 HOAc:DBN complex (Eqs. 2 and 3).a 

A B C T range (K) AAD (%) 

28.289 -8933.6 3.1974·10-4 405.25-479.55 2.42 
        

Δl
gHm(Tm) (kJ∙mol-1) Tm (K) Δl

gHo
m (kJ∙mol-1) 

74.28 ± 1.15 kJ∙mol-1 442.40 88.70 ± 1.15 kJ∙mol-1 
a A-C are the adjustable parameters, T is the system temperature, Tm is the mean 
temperature, Δl

gHm is the enthalpy of vaporization, Δl
gHo

m is the enthalpy of vaporization 
at 298.15 K, AAD is the average absolute deviation. 

 

4.3 Vapor-liquid equilibrium 

The VLE measurements were conducted for water + DBN, water + DBU and water + 
[DBNH][OAc] systems. No data has been previously reported for these systems. The 
measured data consisted of system total compositions, pressures and temperatures. The 
total compositions of water + DBN and water + DBU were further reduced into the liquid 
and gas phase compositions using the Barker method [23] and modeled using the 
Legendre polynomial [22] and NRTL activity coefficient [21] models. The water + 
[DBNH][OAc] systems were reduced to xTP data and modeled with the NRTL activity 
coefficient model as described in [IV]. The vapor pressure correlations of DBN, DBU and 
5:3 HOAc:DBN complex developed in this work were used in the modeling. The vapor 
pressure correlation for water was obtained from [53]. In short, the measured data 
indicates negative deviations from the Raoult’s law for all three systems. The results for 
each system are presented below. 
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4.3.1 Water + DBN 

Two isotherms for the entire composition range (331 K and 349 K) were measured for 
water + DBN systems using the static total pressure method 1. In addition, the water rich 
regions were measured using the static total pressure method 2 due to the measurement 
uncertainties described in chapter 3.3. The measured temperature range of the water rich 
region measurements was 312-352 K. 

The measurement and modeling results of the water + DBN systems at 331 K are 
presented in Fig. 21. The measured data sets are available in [III]. In addition, the binary 
parameters for the NRTL and Legendre models are presented in Table 14. The average 
absolute deviations of pressures of the NRTL and Legendre polynomial models were 4.0 % 
and 3.8 %, respectively. Therefore, the models describe the systems well with only minor 
deviations from the measured data. 

 

Fig. 21. VLE measurement and modeling results for water (1) + DBN (2) systems at 
331.48 K. 

 

Table 14. Binary parameters, absolute average deviation of pressure and temperature 
ranges of NRTL and Legende models for water (1) + DBN (2) systems. 

  NRTLa Legendreb 
a12 (K) or a1 -111.3 -2.174 

a21 (K) or a2 -11.87 -0.8577 

b12 or a3 4.88 -0.3295 

b21 or a4 -1.983 -0.1875 

α12=21 0.48   
P, AAD (%) 4.0 3.8 
Number of points 63 63 
T range (K) 312.7-352.1 312.7-352.1 

a NRTL parameters:  and . 
b Legendre polynomial parameters: . 
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4.3.2 Water + DBU 

Similarly to the water + DBN systems, two isotherms (331 K and 349 K) and the water 
rich regions (312-352 K temperature range) were measured using the static total pressure 
methods 1 and 2, respectively. The measured data sets are available in [III]. The average 
absolute deviations of pressures of the NRTL and Legendre polynomial models were 2.8 % 
and 2.7 %, respectively. Therefore, both models describe the systems with minor 
deviations from the measured data. The measurement and modeling results of the water + 
DBU systems at 331 K are presented in Fig. 22. The binary parameters for the NRTL and 
Legendre models are presented in Table 15. 

 

Fig. 22. Vapor-liquid equilibrium measurement and modeling results for water (1) + 
DBU (2) systems at 331.48 K. 

 

Table 15. Binary parameters, absolute average deviation of pressure and temperature 
ranges of NRTL and Legendre models for water (1) + DBU (2) systems. 

  NRTLa Legendreb 
a12 (K) or a1 287.6 -0.9483 
a21 (K) or a2 -66.26 -0.9196 
b12 or a3 -2.61 0.1642 
b21 or a4 -0.5994 -0.3117 
α12=21 0.48   
P, AAD % 2.84 2.69 
Number of points 42 42 
T range (K) 312.8-352.3 312.8-352.3 

a NRTL parameters:  and . 

b Legendre polynomial parameters: . 
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4.3.3 Water + [DBNH][OAc] 

The VLE of the water + [DBNH][OAc] systems were measured using the static total 
pressure method 2 at the 302-353 K temperature range. The total mole fraction of water 
in the measured data was 0.34-0.98. The measured data points are available in [IV]. 
Lower water contents could not be measured with the used experimental equipment due 
to too high uncertainties of the system compositions and pressures. Nevertheless, the 
measured data was considered to describe the entire composition range with sufficient 
accuracy. The experimental data were modeled with Aspen Plus software using the 
NRTL model [21]. The model was simplified in several ways. First, [DBNH][OAc] was 
treated as a single molecular compound during the modeling. Second, hydrolysis reaction 
of [DBNH][OAc] into [APPH][OAc] was not taken into account. Therefore, the mixture 
of [DBNH][OAc] and [APPH][OAc] was actually treated as a single compound named 
[DBNH][OAc]. This approach was chosen due to the lack of VLE data of 
water + [APPH][OAc] systems. In addition, reaction equilibrium or kinetics data of 
[DBNH][OAc], [APPH][OAc] and 5:3 HOAc:DBN complex formation reactions were 
not available which prevented development of a more rigorous model. Finally, the vapor 
pressures of the 5:3 HOAc:DBN complex were used for [DBNH][OAc] in the modeling 
because the vapor pressures of 1:1 [DBNH][OAc] could not be determined 
experimentally. 

The experimental and modeling results are illustrated in Fig. 23. The binary parameters 
for the NRTL model are presented in Table 16. The average absolute deviation of the 
system pressure calculated with the model was 3.7 %. The results indicate that the model 
describes the system pressures reasonably well despite the aforementioned simplifications. 
However, the amounts of [APPH][OAc] or APPAc in the systems are not taken into 
account. Nevertheless, the developed model is useful in determination of the conditions 
for water evaporation from the water + [DBNH][OAc] systems. 

 

 

Fig. 23. VLE results of water (1) + [DBNH][OAc] (2) systems at 303-353 K temperature 
range. The points are the experimental measurements while the lines represent the NRTL 
model. The activity coefficients are displayed for 353 K. 
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Table 16. Binary parameters, absolute average deviation of pressure and temperature 
ranges of NRTL model for water (1) + [DBNH][OAc] (2) systems. 

  NRTLa 
ɑ12 -0.78973 
ɑ21 -6.28699 
b12 (K) 1337.985 
b21 (K) 550.334 
α12=21 0.2 
P, AAD % 3.74 
Number of points 54 
T range (K) 302.7 – 353.5 

a NRTL parameters:  and . 

 

4.4 Gas-liquid equilibrium 

The CO2 solubility measurements were conducted using the static total pressure method 2. 
The measured data points are available in [I]. The results indicate that CO2 solubility is 
clearly increased in the DBU + glycerol mixtures compared to pure glycerol or DBU. In 
addition to the experimental results, CO2 solubility in the systems was described with the 
Henry’s law constants (chapter 2.4.1) and the simple Posey [26] type model (chapter 
2.5.1). The results of each measured system are described in detail below.  

 

4.4.1 CO2 + glycerol and CO2 + DBU 

The CO2 solubility in pure glycerol and DBU were measured at the 303-353 K 
temperature range. The measured data points are available in [I]. The measured data near 
353 K are compared to the high pressure data measured by Medina-Gonzalez et al. (2012) 
[54] and Nunes et al. (2013) [55] in Fig. 24. As seen, the measured data is in better 
agreement with the data reported by Medina-Gonzalez et al. (2012) [54]. However, the 
data sets are at completely different pressure regions which prevents their further 
comparison. On the other hand, no literature data for CO2 + DBU was available. The CO2 
solubility data was further used in the calculation of the Henry’s law constants which 
were then modeled with the correlation presented in Eq. 25. The average absolute 
deviation between the experimental and the model Henry’s law constant values was 0.8 % 
for both systems. The experimental and the model the Henry’s law constants, and the 
regressed parameters are presented in Tables 17 and 18, respectively. 
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Table 17. Experimental and model values of the Henry’s law constants for CO2 solubility 
in glycerol and DBU.a 

Glycerol         
T / K ln(H1,S

exp) ln(H1,S
model) H 1,S

exp / kPa H1S
model / kPa 

303.05 11.33 11.34 83660 84160 
312.91 11.42 11.43 91100 91740 
322.51 11.52 11.51 100210 99530 
332.28 11.60 11.59 109090 107870 
341.06 11.67 11.66 117000 115720 
351.92 11.74 11.74 125100 125920 

DBU         
T / K ln(H1,S

exp) ln(H1,S
model) H1,S

exp / kPa H1,S
model / kPa 

303.27 8.82 8.80 6750 6650 
312.18 8.93 8.95 7590 7680 
321.54 9.09 9.09 8880 8880 
331.62 9.25 9.24 10380 10340 
341.72 9.39 9.39 11950 11990 
351.23 9.51 9.53 13520 13730 

a T is the temperature, H1,S is the Henry’s law constant. 

 

Table 18. Adjustable parameters for the Henry’s law constant correlation (Eq. 25).a,b 

  A1,S B1,S C1,S D1,S E1,S % AADH 

Glycerol -4.0988 1 2.702 -1∙10-5 0 0.809 
DBU -19.4329 0.543938 4.94 0 351.91 0.802 

a A1,S-E1,S are adjustable parameters, AADH is the average absolute deviation of the 
Henry’s law constant. 

 

 

Fig. 24. Comparison of CO2 solubility in pure glycerol data measured in this work to the 
literature data at 353 K. ( ) this work; (♦) Nunes et al. (2013) [55]; ( ) Medina-
Gonzalez et al. (2012) [54]. 
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4.4.2 CO2 + DBU + glycerol 

The CO2 solubility in DBU + glycerol solutions was measured at the 302-353 K 
temperature range. The measured pressure region for the CO2 + DBU + glycerol systems 
was 0.1-1608 kPa. CO2 solubility in the DBU + glycerol systems was found to be highly 
dependent on the DBU:glycerol ratio of the system. In the systems with the excess 
glycerol (DBU:glycerol ratio 3:2 or lower), CO2 loading with respect to DBU was high 
while the CO2 loading with respect to glycerol did not exceed 0.33. Therefore, only one 
of the three hydroxyl groups of the glycerol molecule reacted with CO2 in these systems. 
The measurement results for the glycerol rich systems at the 351-353 K temperatures are 
presented in Fig. 25. 

Systems with the stoichiometric 3:1 or higher DBU:glycerol ratio showed less effective 
CO2 solubility with respect to DBU. The measurement results for the DBU rich systems 
at the 348-350 K temperatures are presented in Fig. 26. The temperature dependency of 
the CO2 absorption in the DBU and glycerol rich systems is illustrated in Fig. 27. The 
observations of the CO2 solubility behavior in the glycerol and DBU rich systems suggest 
that the formation of the first carbonate group in the glycerol molecule hinders the 
reactivity of the two remaining hydroxyl groups of glycerol. Similar behavior has been 
reported previously in a glycerol etherification study by Karinen and Krause [56] in 
which the increase of the isobutene:glycerol ratio increased the formation of the biethers 
and the triethers instead of the monoethers. In other words, similarly to the carbonate 
formation behavior observed in this study, almost every glycerol molecule formed 
monoether prior to the formation of the biethers and the triethers. After the publication of 
[I], the observed deactivation of the remaining hydroxyl groups of glycerol was 
confirmed by Fu et al. (2015) [57]. In addition to the high glycerol loading, the high 
amounts of ionic species of DBU, i.e. DBUH+, appear to decrease the CO2 solubility. The 
CO2 solubility decrease can be seen from the data point at 1608 kPa pressure in Fig. 26 at 
which the DBU loading is high while the glycerol loading is at the same level with the 
rest of the points. The phenomenon is related to the polarity change of the solvent which 
can be described with the dielectric constant. Such behavior has been previously reported 
by Mathias et al. (2013) [58].  

 

 

Fig. 25. CO2 solubility in the glycerol rich systems with respect to DBU (a)) and glycerol 
(b)). P1 is the partial pressure of CO2. α1,i is the CO2 loading with respect to compound i. 
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Fig. 26. CO2 solubility in the DBU rich systems with respect to DBU (a)) and glycerol 
(b)). P1 is the partial pressure of CO2. α1,i is the CO2 loading with respect to compound i. 

 

The model used for the CO2 + DBU + glycerol systems is described in chapter 2.5.1. 
Since the reactivity of the hydroxyl groups of glycerol was observed to change after the 
formation of the first carbonate group, two separate sets of parameters were regressed for 
the systems with excess glycerol and the systems with stoichiometric or higher 
DBU:glycerol ratio. The model parameters sets for the both system types are presented in 
Table 19. The need for two parameter sets is also seen from Fig. 27, in which the 
temperature dependency of the DBU rich systems is observed to be much lower than in 
the glycerol rich systems. 

 

Fig. 27. Temperature dependence of CO2 + DBU + glycerol systems. (  and ) 
glycerol rich low pressure systems; (+,  and ) high pressure DBU rich systems; (x) 
medium pressure DBU rich system. DBU:glycerol ratios are presented next to their 
respective points. 
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The average absolute CO2 partial pressure deviation of the model developed for the 
glycerol and DBU rich systems was 26.2 % and 16.8 %, respectively. The experimental 
values are compared to the model values for the glycerol and DBU rich systems in Figs. 
28 and 29, respectively. Several factors affect the deviations between the experimental 
and the model values. First, CO2 partial pressure in the model for the DBU rich systems is 
very sensitive to the CO2 loading in DBU. Even the minor errors resulted from the 
measurement uncertainties and calculations may significantly increase or decrease the 
calculated pressure. Second, the empirical correlations for the reaction equilibrium 
constants and the simplification of the reactions (See Eqs. 29-32) decrease the model 
accuracy and operation range. However, these simplifications enable the development of 
a simple model without the need for reaction equilibrium data or activity coefficients. 
Nevertheless, the developed model represents both glycerol and DBU rich systems with a 
reasonable accuracy at approximately 0.1-0.8 DBU and glycerol loadings. However, 
separate parameter sets have to be used for the glycerol and DBU rich systems. 

As described in chapter 2.5.1, the parameters of the model describing the system 
temperature dependence can be used in the estimation of the enthalpy of absorption. The 
calculated values of the enthalpies of CO2 absorption in the glycerol and DBU rich 
solutions were -59.0 kJ mol-1 and -8.3 kJ mol-1 (Table 19), respectively. The difference 
between the values indicates a clear decrease of CO2 absorption enthalpy due to the 
increase of CO2 loading with respect to glycerol. The decrease of the enthalpy of 
absorption due to the increased loading has been previously observed for the aqueous 
amines and other switchable systems [26, 28, 58-59]. 

 

 

Fig. 28. Comparison of the model and experimental values for glycerol rich systems. (▲) 
350 K; (♦) 340 K; (■) 330 K; (x) 320 K; (+) 312 K; (●) 303 K. 
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Fig. 29. Comparison of the model and experimental values for DBU rich systems. (▲) 
350 K; (♦) 340 K; (■) 330 K; (x) 320 K; (+) 312 K; (●) 303 K. 

 

Table 19. Adjustable parameters for Eq. 45 and the calculated enthalpies of absorption 
(Eq. 47) of the glycerol and DBU rich systems.a 

Glycerol rich systems (one hydroxyl group reacts) 

Ai Bi Ci Di ΔabsH (kJ mol-1) 
10.78 -7100 -9 10 -59.0 

     
DBU rich systems (more than one hydroxyl group reacts) 

Ai Bi Ci Di ΔabsH (kJ mol-1) 
39.1 -1000 118.5 -144 -8.3 

a Ai-Di are adjustable parameters, ΔabsH is the enthalpy of CO2 absorption. 

 

4.5 Solution calorimetry: Enthalpies of formation, solution and 
vaporization of [DBNH][OAc] 

The relations between the formation, solution and vaporization enthalpies of DBN, acetic 
acid and [DBNH][OAc] are summarized in Fig. 11. As described in chapter 3.5, the 
reaction and solution calorimetry methods were used in this work for determination of the 
enthalpies of formation of liquid and crystalline [DBNH][OAc]. Two methods provided a 
possibility to validate these enthalpies of formation via three independent paths. The 
validation was considered necessary for [DBNH][OAc] because it was observed to form a 
stable 5:3 HOAc:DBN complex during the distillation experiments. In addition, the 
enthalpy of vaporization of [DBNH][OAc] was estimated using the enthalpies of 
formation of [DBNH][OAc] in the liquid and gas phases. The solution calorimetry results 
as well as the enthalpy of vaporization estimate are presented and discussed below. The 
enthalpies of DBN and [DBNH][OAc] are summarized at the end of this chapter. 
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4.5.1 Reaction calorimetry 

In this method, the synthesis reaction enthalpy of liquid [DBNH][OAc] was calculated 
from the temperature change resulting from mixing acetic acid in excess DBN. A series 
of four experiments was conducted to determine the reaction enthalpy value. The reaction 
enthalpies at temperature T were calculated and adjusted to 298.15 K according to Eqs. 
72-73. The difference between the heat capacities of the products and the reactants, 
ΔrC°p,m = 22 J∙mol-1∙K-1, was used in adjustment of the reaction enthalpy to 298.15 K (Eq. 
73). The ΔrC°p,m was calculated from the heat capacities of DBN (216 J∙mol-1∙K-1), acetic 
acid (123 J∙mol-1∙K-1) [60] and [DBNH][OAc] (361 J∙mol-1∙K-1) at 298.15 K. The heat 
capacities of DBN and [DBNH][OAc] were measured in [III]. The calculated liquid phase 
reaction enthalpy at 298.15 K was ΔrH°m(liq) = -44.6 ± 0.7 kJ∙mol-1. 

 

 (72) 

  
 (73) 

 

where T(0.63) is the system average reaction temperature (see Fig. 13), ΔrHm(liq, T) is the 
liquid phase reaction enthalpy at temperature T, ΔrH°m(liq) is the liquid phase reaction 
enthalpy at 298.15 K, C°p,m(DBN) is the heat capacity of liquid DBN at 298.15 K, n(i) is 
the molar amount of compound i in the system, ΔT is the temperature difference resulting 
from mixing acetic acid in DBN, e’ is the energy equivalent of the calorimeter 
(112.14 ± 5.06 J∙K-1) and ΔrC°p,m is the difference between the heat capacities of the 
products and the reactants. 

Using the measured reaction enthalpy (ΔrH°m(liq) = -44.6 ± 0.7 kJ∙mol-1), and the 
enthalpies of formation of liquid DBN (ΔfH°m(DBN, liq) = 4.8 ± 3.5 kJ∙mol-1) [III] and 
liquid acetic acid (ΔfH°m(HOAc, liq) = -483.5 ± 0.4 kJ∙mol-1) [61], the enthalpy of 
formation of liquid [DBNH][OAc] (ΔfH°m(IL, liq) = -523.3 ± 3.7 kJ∙mol-1) was calculated 
according to the relations between the enthalpies presented in Fig. 11. In addition, the 
enthalpy of formation of crystalline [DBNH][OAc] (ΔfH°m(IL, cr) = -534.0 ± 3.7 kJ∙mol-1)  
was derived from the liquid phase enthalpy of formation and the enthalpy of fusion 
(Δcr

lH°m(IL, liq = 10.7 ± 0.9 kJ∙mol-1) [III]. 

 

4.5.2 Solution calorimetry 

As described in chapter 3.5.2, the crystalline [DBNH][OAc] synthesis reaction enthalpies 
were calculated according to Eqs. 57 and 58 from the results of two independent paths 
(Fig. 14). The reaction enthalpy was further used in calculation of the enthalpy of 
formation of crystalline and liquid [DBNH][OAc]. The measurements and calculation 
results are presented below. 

For the path A in Fig. 14, the solution enthalpies ΔsolH°m(I) = ΔsolH°m(IL, cr) = -41.1 ± 0.5 
kJ∙mol-1 and ΔsolH°m(III) = ΔrH°m(liq → aq)  = -92.9 ± 0.7 kJ∙mol-1 were measured by 
dissolving crystalline [DBNH][OAc] in water and DBN in water + HOAc solutions, 
respectively. In addition, ΔsolH°m(II) = ΔsolH°m(HOAc) = -1.3 ± 0.8 kJ∙mol-1 was obtained 
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from [62]. Using Eq. 57, the calculated reaction enthalpy from path A was 
ΔrH°m(liq → cr)A =  -53.1 ± 1.2 kJ∙mol-1.  

For the path B in Fig. 14, ΔsolH°m(IV) = ΔsolH°m(DBN) = -39.5 ± 0.3 kJ∙mol-1 was 
obtained by dissolving liquid DBN in water. The enthalpy of the proton transfer reaction 
between DBN and acetic acid in water, ΔsolH°m(V) = -53.4 ± 0.8 kJ∙mol-1, was obtained 
by subtracting ΔsolH°m(IV) from ΔsolH°m(III). As seen from Fig. 30, the value for DBN 
solution in water + acetic acid solutions remains constant when the HOAc:DBN ratio is 
1:1 or higher. Thus, the formation of the HOAc:DBN complex observed with the reaction 
calorimetry (chapter 3.5.1) did not occur in the aqueous solutions. Moreover, these results 
suggest that the complexes are formed due to dimerization of acetic acid instead of the 
second protonation of DBN. The dimerization has been previously reported for similar 
protic ionic liquids such N-methylpyrrolidine and acetic acid mixtures [63]. 

 

Fig. 30. Enthalpy of solution of DBN (ΔrH°m(liq → aq) in water and water + acetic acid 
solutions at several HOAc:DBN ratios. 

 

Next, the enthalpies of formation of crystalline and liquid [DBNH][OAc] were derived 
from the reaction, formation and fusion enthalpies according to Eqs. 74-75. The enthalpy 
of formation of liquid DBN (4.8 ± 3.5 kJ∙mol-1) was calculated by subtracting the 
enthalpy of vaporization (61.9 ± 0.2 kJ∙mol-1 [50]) from the gaseous state enthalpy of 
formation (66.7 ± 3.5 kJ∙mol-1 [III]) of DBN. As described in [III], the enthalpy of 
formation of gaseous DBN was determined via the quantum-chemical calculations. 

 

 (74) 
  

 (75) 
 

Using the enthalpies of formation of the precursors (ΔfH°m(DBN, liq) = 4.8 ± 3.5 kJ∙mol-1 
and ΔfH°m(HOAc, liq) = -483.5 ± 0.4 kJ∙mol-1 [61], the enthalpies of formation of 
crystalline [DBNH][OAc] ΔfH°m(IL, cr)A = -531.8 ± 3.7 kJ∙mol-1 and 
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ΔfH°m(IL, cr)B = -530.5 ± 3.7 kJ∙mol-1 were calculated for paths A and B, respectively. As 
seen, the values are in good agreement which confirms the internal consistency of the 
used method. Moreover, the values are in good agreement with the value obtained using 
the reaction calorimetry (ΔfH°m(IL, cr) = -534.0 ± 3.7 kJ∙mol-1). Averaging these three 
values produces the final value ΔfH°m(IL, cr) = -532.1 ± 2.1 kJ∙mol-1. Using the enthalpy 
of fusion (Δcr

lH°m(IL) = 10.7 ± 0.9 kJ∙mol-1) [III], the final value for the liquid phase 
enthalpy of formation is ΔfH°m(IL, liq) = -521.4 ± 2.2 kJ∙mol-1. 

 

4.5.3 Enthalpy of vaporization of [DBNH][OAc] 

In this study, we attempted to measure the enthalpy of vaporization of [DBNH][OAc] 
using common methods applied for ionic liquids, such as low-pressure distillation [IV], 
thermogravimetric analysis [64], fast scanning calorimetry [65] and quartz-crystal 
microbalance [66]. However, every vaporization enthalpy measurement attempt for 
[DBNH][OAc] failed due to the instability of the sample. As mentioned in chapter 4.2, 
we were able to measure the vaporization enthalpy of 5:3 HOAc:DBN complex instead of 
the 1:1 [DBNH][OAc]. 

Despite the failed attempts to determine the enthalpy of vaporization directly with several 
experimental methods, the value was obtained indirectly via two paths involving the 
enthalpies of formation of [DBNH][OAc] and its precursors in the liquid and gas phases. 
While the liquid phase value for the enthalpy of formation was determined in chapters 
4.5.1-4.5.2, the gas phase value ΔfH°m(IL, g) = -421.9 ± 3.5 kJ∙mol-1 was determined via 
the quantum-chemical calculations [III]. In the first path, the enthalpy of vaporization 
value for [DBNH][OAc] Δl

gH°m(IL)A = 99.5 ± 4.1 kJ∙mol-1 was calculated according to 
Eq. 76. The value is in the same range with the value of an another protic ionic liquid 
ethyl ammonium nitrate (Δl

gH°m(EAN) = 105.3 ± 1.3 kJ∙mol-1) [67]. 

 

 (76) 
 

In the second path, [DBNH][OAc] was first assumed to completely dissociate during the 
evaporation (Eq. 77). Therefore, the enthalpy of vaporization is calculated according to 
Eq.78. 

 

(77) 
  

 (78) 
 

As mentioned above, ΔfH°m(IL, liq) = -521.4 ± 2.2 kJ∙mol-1 was obtained with solution 
and reaction calorimetry, and ΔfH°m(DBN, g) = 66.7 ± 3.5 kJ∙mol-1 was obtained via the 
quantum-chemical calculations [III].  Finally, ΔfH°m(HOAc, g) = -433.2 ± 0.6 kJ∙mol-1 
was derived from the liquid phase enthalpy of formation ΔfH°m(HOAc, liq) = -483.5 ± 0.4 
kJ∙mol-1 [61] and the enthalpy of vaporization Δl

gH°m(HOAc) = 50.3 ± 0.5 kJ∙mol-1 [68].  
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Using these values, Δl
gH°m(IL)B = 154.9 ± 4.2 kJ∙mol-1 was calculated. The value is 

considerably higher than Δl
gH°m(IL)A = 99.5 ± 4.1 kJ∙mol-1 from Eq. 76, and seems to be 

too high for a distillable ionic liquid. However, these values refer to different evaporation 
processes. Δl

gH°m(IL)A refers to the evaporation of the ion pair while Δl
gH°m(IL)B refers 

to evaporation involving dissociation of [DBNH][OAc] into the molecular precursors 
DBN and HOAc. To properly compare the obtained values, the dissociation enthalpy 
ΔdissH°m(IL, g) = 58.1 ± 3.5 kJ∙mol-1 was calculated [III] and subtracted from Δl

gH°m(IL)B. 
The obtained value Δl

gH°m(IL)B,corr = 96.8 ± 5.5 kJ∙mol-1 was in good agreement with 
Δl

gH°m(IL)A which provided the validation for the calculation results. Averaging these 
two values produces the final value Δl

gH°m(IL) = 98.2 ± 3.3 kJ∙mol-1. 

 

4.5.4 Summary of the enthalpies of [DBNH][OAc] and its precursors 

The summary of the thermochemical data of [DBNH][OAc], DBN and acetic acid used in 
this work is presented in Table 20. The data is compiled from the data determined in this 
work and the literature data.  

 

Table 20. Summary of the enthalpy values of DBN, acetic acid and [DBNH][OAc] 
determined or used in this work.a 

  [DBNH][OAc] Acetic acid DBN 
ΔfH°m(cr) -532.1 ± 2.1 
ΔfH°m(liq) -521.4 ± 2.2 -483.5 ± 0.4 [61] 4.8 ± 3.5 
ΔfH°m(g)  -421.9 ± 3.5 -433.2 ± 0.6 66.7 ± 3.5 
Δcr

lH°m 10.7 ± 0.9 
Δl

gH°m 98.2 ± 3.3 50.3 ± 0.5 [68] 61.9 ± 0.2 [50] 
a ΔfH°m is the enthalpy of formation, Δcr

lH°m is the enthalpy of fusion, Δl
gH°m is the 

enthalpy of vaporization.  
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5 Conclusions and future work 

Accurate phase equilibrium and physical property data are essential in lignocellulosic 
biomass conversion processes. However, such data is scarcely available for novel ionic 
systems which hinders their development towards the industrial applications. To address 
this issue, a comprehensive study of the phase equilibrium and physical properties of two 
types of ionic systems was carried out in this work. The systems of interest were the 
switchable ionic liquid CO2 + DBU + glycerol and the protic ionic liquid [DBNH][OAc] 
which have the capability of dissolving lignocellulosic biomass. In addition, the 
molecular precursor compounds were studied in order to increase the understanding of 
the behavior of the ionic systems. During this project, the largest emphasis was 
eventually put on the protic ionic liquid [DBNH][OAc] due to its application in the novel 
cellulose fiber production process Ioncell-F. The research results, their application and 
future study recommendations for each studied system type are summarized below. 

The first part of the work was dedicated to the GLE measurements and the modeling of 
the switchable ionic system CO2 + DBU + glycerol as well as its precursors CO2 + DBU 
and CO2 + glycerol. The results showed that the DBU:glycerol ratio has a crucial role in 
the CO2 absorption efficiency of the system. In addition, a simple empirical model was 
developed for the systems. The results of this work provide data necessary for optimizing 
the synthesis conditions of the switchable ionic system for the biomass fractionation as 
well as the information about the CO2 absorption capability of this novel system and its 
precursors. However, the phase equilibrium study did not provide information about the 
biomass dissolution efficiency of the glycerol and DBU rich systems. Therefore, an 
extended biomass dissolution study should be carried out for both composition ranges in 
order to completely understand the potential of these systems. 

In the second part of this work, the physical properties of the amidines DBN and DBU, 
and the VLE of water + DBN and water + DBU systems were measured and modeled. 
The previously unavailable data will be required in designing the thermal separation of 
the amidines from impurities originating from raw materials, e.g. water and various heavy 
impurities. As mentioned above, [DBNH][OAc] was found to evaporate partly as pure 
DBN. Therefore, the data for DBN and water + DBN will be required in the detailed 
design of the solvent recovery steps of the Ioncell-F process. 

The final and the largest part of this work was the thermochemical and VLE study of 
[DBNH][OAc] and water + [DBNH][OAc] systems. First, the evaporation behavior of 
[DBNH][OAc] was studied. Interestingly, [DBNH][OAc] was found to evaporate in two 
products, first pure DBN and then the 5:3 HOAc:DBN complex. This finding will be 
important for designing the distillation procedure of [DBNH][OAc] separation from 
water and heavy impurities, and should also be taken into account in the modeling as well. 
Next, the important physical properties, such as the enthalpies of formation, reaction and 
vaporization, were determined using the combinations of the calorimetric and 
computational methods. Together with the heat capacities and enthalpy of fusion reported 
in [III], this data will be used in the energy consumption optimization of the Ioncell-F 
process. Finally, the VLE of the water + [DBNH][OAc] systems was measured and 
modeled. As already partly done in [IV], the data will be used in designing the water 
evaporation step of the Ioncell-F process. In the future studies, the obtained physical 
property and VLE data of the systems containing [DBNH][OAc] and its precursors will 
be used in further development of the solvent purification step in the Ioncell-F process. 
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