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Abstract
Thermodynamic information related to bio-oil is very important for the design and development
of bioreﬁ ning and upgrading processes. In this study, the thermodynamic properties of selected
bio-oil compounds and their mixtures were measured and modelled at various temperatures and
pressures. These data were acquired using various type of phase equilibrium apparatus, mostly
designed and developed in house.
In particular, limiting activity coefﬁ cients of bio-oil compounds in water, solubility of CO and H 2
in bio-oil compounds, mutual solubility of bio-oil compounds and water and excess properties of
aqueous solutions of bio-oil compounds at inﬁ nite dilution were measured. Rapid Inert gas
stripping equipment was designed by Prof. Dominique Richon. Butanol-water mixture was used
as a reference system for equipment validation. The equipment was further used for the
determination of limiting activity coefﬁ cients of bio-oil compounds in water. Limiting activity
coefﬁ cients of ﬁ ve bio-oil compounds in water were also measured using classical inert gas
stripping technique (glass apparatus) at UCT Prague during a research visit. The solubility of CO
in bio-oil compounds at different temperatures and pressures was measured using static-analytic
VLE technique employing ROLSI™ samplers while the solubility of hydrogen in bio-oil compounds
was measured using a continuous ﬂ ow apparatus at different temperatures and pressures. The
p a rt i al mo l ar e xc e s s t h e rmo d y namic p ro p e rt i e s at i nﬁ ni t e d i l u t i o n w e re me as u re d u s i ng a t a nd e m
calo-densimetry technique employing a calorimeter and a vibrating tube densimeter in tandem
arrangement. VLLE measurements of bio-oil compounds and water at different conditions were
carried out in a high pressure and high temperature static analytic VLLE apparatus, equipped with
novel high temperature Pneumatic capillary sampler, designed and developed by Prof. Dominique
Richon and D.Sc. (Tech.) Petri Uusi-Kyyny.
Both classical (cubic EoS and local composition liquid activity coefﬁ cient) and modern (PC-SAFT
E o S) t he rmod y namic mod e ll ing ap p ro ache s w e re u se d in t his w ork. The s ol u bil it y o f C O in bio-oil
compounds was modelled with SRK, PR and PC-SAFT EoS. A comparison of these models was
made. Hydrogen solubility in bio-oil compounds was modelled with Peng Robinson EoS. The
mutual solubilities of bio-oil compounds and water at high temperatures and pressures were
modelled using UNIQUAC and NRTL liquid activity coefﬁ cient models. Furthermore, Hayden O'
Connell and Tsonopoulos correlations were used for the vapor phase corrections in the
determination of limiting activity coefﬁ cients.
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1. Introduction

Greenhouse gas emissions, increasing world population and the depletion of
fossil fuels are all such phenomena in the modern world, which have re-shaped
the scientific research globally in the field of energy. The use of sustainable, economical and renewable energy is now imminent. This however puts forth a great
challenge. The transformation of the existing energy cycle will need an overall
change i.e. from extraction to utilization of energy and not forgetting the safe
and environmental friendly disposal of the wastes formed in this whole cycle
such as hazardous and toxic fluid emissions.
The first and foremost challenge in this process is naturally to explore such
energy resources. As we know that while some countries have abundant energy
resources, others have limited options. Geography also plays an important role
here. For example, the utilization of solar energy may not be as feasible for Nordic region as it is for countries near the equator. Similarly, countries that have
barren lands and are deprived of water resources do not have the option of hyrdropowered energy. Thus, the search for the renewable energies is to some extent limited by the geographical location of the countries. Finland and surrounding countries are rich in forest and have ample resources of bio-mass. As
a result, renewable energy acquired from biomass such as forest residues is an
attractive choice.
There are various routes for the utilization of biomass as fuels nevertheless
the most mature technologies for the utilization of forest residues include gasification, combustion and pyrolysis. All three processes have their pros and cons
but eventually the adaptability certainly resides with the type of end product
needed i.e. as a fuel, value added chemical or the direct use of it for heating purposes. Straight utilization of biomass for thermal energy is possible through
combustion. Biomass can be gasified through a gasification process and further
processed through Fischer-Tropsch synthesis for making value added chemicals. In pyrolysis, the biomass is treated in a pyrolyzer at 673 – 873 K for 1 - 3
seconds [1]. The vapors resulting from the decomposition of the biomass are
condensed and form a thick brownish liquid called bio-oil or pyrolysis oil which
is deemed as a potential biofuel. There are excellent reviews available in the literature on the pyrolysis technologies detailing on the type of pyrolyzers, their
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operating principles, conditions and the effect of pyrolysis conditions on the
bio-oil properties. [1-4]
This study is focused on thermodynamic investigation of bio-oil and in particular to the compounds present in it. Consequently, further details will be presented for bio-oil compounds. Bio-oil are composed of a variety of compounds
belonging to various functional groups such as alcohols, aldehydes, furans, syringols, sugars, ethers, etc. The exact composition, physical and chemical properties of bio-oil varies with the type of ligno-cellulosic material used in the pyrolysis and also on the operating conditions of the pyrolysis process. In addition
to various compounds present in bio-oil, a major portion of it is constituted of
water (15 ~ 30 wt. %) [4].
In order to use bio-oil as a fuel it must be upgraded. This is necessary because bio-oil in its raw state cannot be used as a transport fuel [5]. Crude biooil does not have the required heating value to be used economically as fuel. The
Lower Heating Value (LHV) of crude bio-oil as compared to conventional mineral oil is 2 to 3 times less [6]. This is mainly due to the presence of water. Even
though water improves the flow characteristics of bio-oil it must be removed to
achieve the necessary fuel properties. Besides water, the presence of oxygenated
compounds in bio-oil, owing to their reactive nature, creates thermal instability
and storage difficulties, thus deoxygenation is a major step in bio-oil upgrading.
Industrially, there are various ways to remove oxygen but the most prominent
ones are Hydrodeoxygenation (HDO) and also catalyst aided cracking. During
Hydrodeoxygenation various reactions occur including decarbonylation and decarboxylation. As a result of these reactions different gases including CO, H2 and
CO2 are released and consumed. Bio-oil is a non-equilibrium product which
means that it ages with time and as a result a phase separation and evolution of
gases occur. This could be detrimental and dangerous at the same time. The solubility of these gases thus needs to be modeled in order to design and optimize
bio-oil upgrading, storage and transport.
The design and development of bio-refining processes, in fact all separation
processes demand accurate and reliable experimental data which can be used
by mathematical models to exploit the experimental data outside the measured
conditions. Usually, separation processes are convoluted by complex phase
equilibria, reaction kinetics and heat and mass transfers. Therefore, for reliable
process design, high quality experimental data must be acquired. Thermodynamic properties such as vapor pressures, densities, viscosities, critical properties, calorimetric properties, excess properties and phase equilibria (VLE,
VLLE, LLE, γ∞) of pure compounds and mixtures are essential for the design
and optimization of separation processes.
Thermodynamic modeling of bio-based compounds is often challenging.
This is mainly due to the diverse, intricate and inherent interactive forces present in such compounds. Bio-oil has large sets of polar, non-polar, associating
and non-associating compounds. The problem is, however, simplified for some
cases by using either average properties of the mixture or using the pure component properties of the most abundant compounds present in bio-oil.
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Thermodynamic models usually require experimental thermophysical data
for explaining the phase behavior. However, there is a second class of thermodynamic models that do not rely on the pure component properties, rather they
operate based on the interactive forces of the units or groups present in the compounds. Such thermodynamic models are often referred to as group contribution models/methods and to a certain extent they are classified as predictive
models. These methods require group contribution parameters deduced from
available experimental data.
In this study, we have used equation of state models (SRK, PR, and PCSAFT) and activity coefficient models (UNIQUAC and NRTL). The details of
each of the models are presented in section 3.
Furthermore, experimental thermodynamic data (γ∞, VLE, VLLE, LLE,
ഥாǡஶ ,ܸതாǡஶ ) were measured for bio-oil compounds and correlated with a suitaܪ
ble thermodynamic models.

1.1

Objectives of the thesis

The principle aim of the thesis was the thermodynamic investigation of the biooil compounds and their mixtures relevant to bio-refinery. A thorough literature
survey indicated a lack of thermodynamic data needed to be measured for a reliable bio-refining process design. Particularly, the data needed for the upgrading of bio-oil is lacking. These upgradations involve hydroprocesses which require pure component thermodynamic data and phase equilibria. In this frame
work, the apparatus for measuring pure component properties and phase equilibria of bio-oil components were designed, validated with known systems and
further used for measuring new and important thermodynamic data. Subsequently, the data were used to adjust the model parameters.

1.2

Structure of the thesis

Chapters 2 and 3 of the thesis give details on the relevant thermodynamic principles and models used in this study. To keep it concise, only a brief description
of the models is given. Chapter 4 presents the basic details of the equipments
used with their working principles. In chapter 5 the results are discussed briefly
while chapter 6 gives the conclusions derived from the study.
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It is important to understand the basic foundations of thermodynamic principles underlying the complex thermodynamic models. These principles and correlations are extensively discussed in several textbooks [7-14]. Relevant thermodynamic principles are thus only briefly explained here.
Chapter 2 discusses the concept of fugacity, activity coefficient and excess
properties which are the basis for extensive thermodynamic models used in this
work and described briefly in chapter 3.

2.1

Fugacity and fugacity coefficient

In a closed system where a phase equilibrium is established, both the pressure
and temperature of the present phases are equal and the net mass transfer between the phases is zero [7, 15, 16] . This also implies that Gibbs energy is at its
minimum.
The fundamental thermodynamic property relation valid for homogenous
fluid at constant composition is given by:

݀ ܩൌ ܸ݀ܲ െ ܵ݀ܶ

2-1

Equation 2-1 is a definition of the Gibbs energy, a fundamental property of
the thermodynamic system. At constant temperature, the equation above reduces to

݀ ܩൌ ܸ݀ܲ

2-2
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When equation 2-2 is integrated from a low-pressure P* to a higher pressure
P at constant temperature it yields


 כ ܩൌ  ܩെ න ܸ݀

2-3

כ

Now as P* approaches zero, the integral approaches to infinity i.e.

 כܩൌ  ܩെ λ

2-4

The difficulty in evaluating the equation above leads to the concept of fugacity “f” that has the same dimension as pressure. It is used for describing the nonideality of real fluids.

݀ ܩൌ ܴ݈݂ܶ݀݊ሺܿܶݐ݊ܽݐݏ݊ሻ

2-5

A similar equation can be written for ideal gas

݀ ܩ ൌ ܴ݈ܶ݀݊ܲሺܿܶݐ݊ܽݐݏ݊ሻ

2-6

Difference of the two above equations yields

݂
݀ሺ ܩെ  ܩ ሻ ൌ ܴ݈ܶ݀݊ ሺܿܶݐ݊ܽݐݏ݊ሻ
ܲ

2-7

The deviation from an ideal state is defined by a property known as residual
property; it quantifies the deviation of the property of the real fluid from the
ideal state. In the equation above the difference in Gibbs energy at the ideal and
real states can be termed as Gr, residual Gibbs free energy. The dimensionless
ratio of f/P is a property of a mixture known as the fugacity coefficient φ. Equation (2-7) can now be written as
݀ ܩ ൌ ܴ݈ܶ݀݊߮ሺܿܶݐ݊ܽݐݏ݊ሻ

2-8

The above equation is integrated to give
 ܩ ൌ ܴ݈ܶ݊߮  ܥሺܶሻሺܿܶݐ݊ܽݐݏ݊ሻ

2-9

For an ideal gas the Gr = 0 and ݂ ൌ ܲ . Their ratio φ is 1 which reduces equation (2-9) to
 ܩ ൌ ܴ݈ܶ݊߮ሺܿܶݐ݊ܽݐݏ݊ሻ

2-10

Equation number (2-5) can be re-written for a component “i” in the system
as
݀ܩഥప ൌ ܴ݈݂ܶ݀݊መ ሺܿܶݐ݊ܽݐݏ݊ሻ

2-11
15
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Where “݂መ ̶is the fugacity of component “i” in the solution.
Similarly,
ܩ
ൌ ݈݊߮
ܴܶ

2-12

Integrating Equation (2-11) for the change of state from the saturated liquid
to saturated vapor both of the states to be at a pressure ܲ௦௧ and temperature T,
will yield
ܩ௩ െ ܩ ൌ ܴ݈ܶ݊

݂௩
݂

2-13

As we know Gibbs energy change for a constant temperature and constant
number of moles is zero at equilibrium, the fugacity of the vapor and the fugacity
of the liquid are equal
݂௩ ൌ ݂ ൌ ݂௦௧ ൌ ߮௦௧ ܲ௦௧

2-14

The relation of fugacity to the pressure at constant temperature can now be
expressed as
݀ܩ ൌ ܸ ݀ܲ ൌ ܴ݈݂ܶ݀݊ ሺܿܶݐݏ݊ሻ

2-15

Integrating the above equation from ܲ௦௧ to a new value of pressure ܲ
݈݊

݂
݂௦௧

ൌ


ͳ
݁ ݔන ܸ ݀ܲ
ܴܶ
ೞೌ

2-16



Substituting the value of݂௦௧ ൌ ߮௦௧ ܲ௦௧ . The exponential term is called Poynting factor (POY). Equation (2-16) reduces to

݂ ൌ ߮௦௧ ܲ௦௧ ݁ݔሾܱܻܲሿ

2.2

2-17

Activity and activity coefficient

The fugacity coefficient ߮ for vapor phase can be expressed by
߮ො ൌ
Where,
16

݂௩
ݕ ܲ

2-18
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݂௩ is the vapor phase fugacity
Now in order to characterize the liquid-phase non-ideality, the “activity coefficient” is used and it has a similar definition as the vapor phase fugacity, it can
be written for the mole fraction of liquid ݔ as
ߛ ൌ

݂
ݔ ݂ι

ؠ

ܽ
ݔ

2-19

Where ܽ is the activity coefficient of component i and ݂ι is the standard state
fugacity of the component “i” at the system temperature.
The criterion for the equilibrium as stated earlier dictates that both the vapor
and the liquid fugacity must be equal i.e.
݂መ ൌ ݂መ௩

2-20

Comparing equations (2-18) and (2-20) and solving for the vapor mole fraction give
ݕ ൌ 

ݔ ߛ ݂ι
߮ො ܲ

2-21

The value of ݂ι can be substituted for the standard state fugacity from equation (2-17).
ݕ ൌ 

ݔ ߛ ߮௦௧ ܲ௦௧ ݁ݔሾܱܻܲሿ
߮ො ܲ

2-22

ݔ ߛ ܲ௦௧
Ф ܲ

2-23

ݕ ൌ 
Where,
Ф ൌ

߮ො
݁ݔሾെܱܻܲሿ
߮௦௧

Equation (2-23) is a general correlation representing vapor and liquid
mole fractions at equilibrium assuming the liquid is incompressible. The exponential term in the parenthesis is known as Poynting correction factor which
corrects for the pressure effect on the liquid phase fugacity because the pressure
P can strongly deviate from vapor pressure at system temperature. The effect of
the pressure is not considerable on the liquid phase fugacity if the temperature
is well below critical. If the pressure difference is not too large the Poynting factor can be approximated to 1. In cases where pressure P is well above the saturation pressure, the product of fugacity coefficient and Poynting factor can easily exceed unity and consequently fugacity is higher than pressure [7].
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2.3

Infinite dilution activity coefficients

The highest non-ideality of a mixture is observed at infinite dilution, when a
solute molecule is supposedly surrounded only by solvent molecules. This also
implies that the interaction between solute molecules is minimum. The measure
of activity coefficient at infinite dilution thus assist in determining the non-ideality of the mixture. Industrially, this is important in designing separation processes required for achieving highest purity. Limiting activity coefficient also
referred to as infinite dilution activity coefficient can be approximated as the
inverse of solubility but only when the mutual solubility of the component is
very small (xi ≤ 10-3) [17].
Commercial simulators employ predictive thermodynamic models like
COSMO and UNIFAC for the estimation of the limiting activity coefficients but
these estimations are not accurate enough and can only be used in the initial
stage of the process design. Reliable process design is only achieved using accurate experimental data for the modeling. There are several methods to experimentally measure the limiting activity coefficients but none of the methods is
universal. The applicability of the method is mainly dependent on the compound under investigation. By far, the most widely used techniques are GLC
(Gas Liquid Chromatography) and inert gas stripping as they accommodate variety of compounds.
In this work, two separate inert gas stripping equipment were used. Details
of the equipment are presented in section 4.1 and 4.2.

2.4

Excess properties

The thermodynamic properties of real mixtures are different from those of ideal
mixtures. This difference in the properties can be quantified as excess propertyܯா . They directly identify the extent of mixture non-ideality and are given
by:
ௗ
ܯா ൌ οܯ௫ െ οܯ௫

2-24

Where οܯ௫ is the change in the property of the real mixture, superscript
“id” represents ideal mixture. The excess properties are representative of the
mixture properties when presented in partial molar quantities.
ഥ െ ܯ
ഥௗ ൯ ൌ ቆ
ܯா ൌ  ݔ ൫ܯ


߲ሺ݊ ் ܯா ሻ
ቇ
߲݊
்ǡǡ

2-25
ೕ ஷ

The excess property functions apply to general thermodynamic functions
such as excess Gibb’s energy:
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 ܩா ൌ  ܪா െ ܶܵ ா

2-26

Pressure and temperature derivatives of the excess Gibbs free energy and excess enthalpy allows the determination of other thermodynamic parameters respectively. Excess enthalpy and volume are the temperature and pressure derivative of the Gibbs free energy.
ቆ

߲ሺ ܩா Τܶሻ
ቇ ൌ  ܪா
߲ሺͳΤܶሻ ǡ௫

2-27

߲ሺ ܩா ሻ
ቇ ൌ  ܸா
߲ሺܲሻ ்ǡ௫

2-28

ቆ

The temperature derivative of the molar excess enthalpy yields molar excess
heat capacity ܥா Ǥ
ቆ

߲ሺ ܪா ሻ
ቇ ൌ  ܥா
߲ሺܶሻ ǡ௫

2-29

The temperature dependency of the activity coefficients can be determined
by partial molar excess enthalpy values. They are related by the temperature
derivative of the activity coefficient.
൬

ഥா
߲  ߛ
ܪ
൰ ൌ
߲ሺͳΤܶሻ ǡ௫
ܴ

2-30

The pressure dependency of the activity coefficient is determined by the partial excess volume according to 2-31.
߲  ߛ
ܸതா
൬
൰ ൌ
߲ሺܲሻ ்ǡ௫
ܴܶ

2-31

Excess enthalpy and excess volume enables the determination of partial molar excess properties. Activity coefficient at different temperatures can be determined from the partial molar excess enthalpy using a single limiting activity coefficient value
ቆ

߲  ߛஶ
ቇ
߲ሺͳΤܶሻ

ൌ
ǡ௫

ഥாǡஶ
ܪ
ܴ

2-31

ഥாǡஶ
The methods used in this study for the experimental determination of ܪ
ாǡஶ
and ܸത are detailed in the later sections.
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3. Thermodynamic models

The thermodynamic properties of co-existing phases of single or multiple fluids
in a system are studied through phase equilibria. Thermodynamic models are
required to express the thermodynamic experimental data in the form of mathematical expressions. These models should be capable of describing the thermodynamic properties of the system at all possible combinations of temperatures, pressures and compositions. Even though this is particularly difficult, it
is an important task at the same time. The major difficulty comes from the fact
that thermodynamic models have their applicability limits. Nevertheless, research is being done on developing a thermodynamic model, capable of fulfilling
all the stringent requirements.
Thermodynamic models (Phase-equilibrium) can classified in three different types:
1. Henry’s Law
2. Equation of state models
3. Activity coefficient models
Henry’s law is applicable typically to the mixtures where at least one or more
component is a gas. The system temperature should be greater than the critical
temperatures of one compound but below the critical temperature of at least one
other.
Equations of state based models are applicable to any combination of temperatures, pressures, compositions and phases. In EoS models, non-idealities in
both the liquid and gas phases are accounted with the fugacity. The most popular EoS model being “Ideal gas law” is applicable to gases at ideal conditions.
The activity coefficient models are applicable to mixtures with temperature
not exceeding the critical temperature of any of the components. The liquid
phases are modeled with the activity coefficient models while the equation of
state models are used to account for the vapor phases.
The regression of the phase equilibrium data is possible with two approaches.
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1. Direct method or EoS approach (Ф – Ф)
2. Combined method or activity coefficient approach (γ – Ф)
The first approach, direct method, uses an equation of state to describe the
non-ideality in both vapor and liquid phase. The thermodynamic equilibrium
can be written as:
݂መ ൌ ݔ ߮ො ܲ ൌ ݂መ௩ ൌ ݕ ߮ො௩ ܲ

3-1

While the combined method uses the liquid activity coefficient to describe the
non-ideality of the liquid phase and fugacity to describe the non-idealities of
the vapor phase. The phase equilibrium is calculated as following:
݂መ௩ ൌ ݕ ߮ො ܲ ൌ ݂መ ൌ ݔ ߛ ݂

3.1

3-2

Equations of State (EoS)

Equations of state are models which are used for the determination of thermodynamic properties of pure compounds and mixtures. These equations can
be empirical, or originating from statistical mechanics. The simplest of these
models is the ideal gas law which correlates pressure and volume with temperature. Attractive and repulsive forces between the molecules are neglected in
this model.
ܸܲ ൌ ܴ݊ܶ
3.1.1

3-3

Virial EoS

The Virial EoS has basis in statistical mechanics and is expanded by Taylor series. It is able to predict the non-ideality of the vapor phase from low to moderate pressures. A truncated form of the Virial equation is used for calculations
whereas the truncation is governed by the temperature and pressure. The pressure explicit form of the equation in terms of compressibility factor Z (also
known as Berlin form) is
ܲ
ܲ ଶ
ܼ ൌ ͳ   ܤ൬ ൰  ሺ ܥെ ܤଶ ሻ ൬ ൰  ڮ
ܴܶ
ܴܶ

3-4

and in terms of volume
ൌͳ

ܥ ܤ

ڮ
ܸ ܸଶ

3-5
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Where the coefficients B and C correspond to density independent second
and third virial coefficients. These coefficients can be determined from the experimental PvT data of a pure compound and the values depend on the form of
the equation but they are convertible into each other. The Taylor series expansion is truncated to the second term usually because truncation up to second
term provides the interaction between two molecules and it is usually enough
for describing VLE at sub-critical temperatures and pressures up to 1500 kPa
[13]. An error analysis of the truncation is given in Poling et al. [7]
The second virial coefficient B can be determined experimentally but it is difficult because it is temperature dependent. It can also be estimated with reasonable accuracy from established correlations such as Hayden and O’Connell [18]
and Tsonopoulos [19].
The correlation proposed by Tsonopoulos in 1974 is the most commonly used
correlation for the determination of the second virial coefficient B for both pure
compounds and mixtures of polar and non-polar systems.
Tsonopoulos correlation for non-polar gases is given by
ܤൌ൬

ܴܶ
൰ ൣܤሺሻ  ߱ܤሺଵሻ ൧
ܲ

3-6

Where,
ܤሺሻ ൌ ͲǤͳͶͶͷ െ

ͲǤ͵͵ ͲǤͳ͵ͺͷ ͲǤͲͳʹͳ ͲǤͲͲͲͲ
െ
െ
െ
ܶ
ܶଶ
ܶଷ
଼ܶ

3-7

ͲǤ͵͵ͳ ͲǤͶʹ͵ ͲǤͲͲͺ
െ
െ
ܶଶ
ܶଷ
଼ܶ

3-8

ܤሺଵሻ ൌ ͲǤͲ͵ 
and Tr = T/Tc

The vapor phase non-ideality caused by the association of molecules for example for carboxylic acids cannot be determined by Tsonopoulos correlation
because it does not account for association interactions. For such associating
systems Hayden and O’Connell method is preferable where the model is extended by a chemical theory. The required model parameters (Tc, Pc, RD, μ, ηii,
ηij) are fitted to pure component experimental data, calculated or estimated using group contribution methods [20].
The volume explicit form of the virial equation of state can be solved explicitly
for V as a function of T and P [20]. This also implies that the fugacity coefficient
can be determined for pure compound and is given by:
݈݊߮௦௧ ൌ 
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ܴܶ
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3.2

Cubic equation of state

Cubic EoS’s are the extension of classical Van der Waals EoS [21]. In his model
Van der Waals developed a generalized semi-empirical equation that could be
used for evaluating the fluid properties at conditions both above and below the
critical point. The lack of temperature dependence in this model fairly limits its
applicability to only ideal systems [22]. Cubic EoS’s though built on the grounds
established by Van der Waals, are rather simple models using robust solution
techniques. Variations in the models are possible by adding volume translations, modifying the temperature dependence or mixing rules, using mixing
rules that involve gE models, etc. The mostly used cubic equations of state based
models are those from Soave, Redlich and Kwong (SRK) [23] and Peng and Robinson (PR) [24]. The modular structure of the models allow different propositions in the mixing rules and alpha function. They are applicable over a wide
range of temperatures and pressures and are capable of describing both liquid
and vapor phases. In most cases, binary interaction parameters are not needed
for e.g. in gases, hydrocarbon and non-polar systems. Cubic EoS are good at
handling both high and low pressures VLE. There are however also serious limitations of these models such as the predictive ability of the simple cubic EoS’s
with Van der Waals mixing rules are not good for complex systems. Consequently, the binary interaction parameters must be regressed from the experimental phase equilibrium data. Cubic EoS with Van der Waals one fluid mixing
rules have very limited applicability for polar, self-associating systems, and hydrogen bonded systems however more advanced mixing rules can be used. LLE
is not very well represented by cubic EoS’s, even for non-polar systems [14].

3.2.1

Soave-Redlich-Kwong (SRK) - EoS

SRK EoS is popular and widely used as EoS model. Soave in [23] modified the
attractive parameter of the Redlich-Kwong EoS [25]. He introduced a temperature dependent alpha function which was primarily incorporated to account for
the discrepancies in the vapor pressures of the hydrocarbons. The modification
mainly introduced the term called acentric factor ߱ which can be calculated
from the vapor pressure data of the pure compounds. Presented here is the
Soave modification of the Redlich-Kwong EoS with quadratic mixing rules and
the originally proposed alpha function. There have been several propositions in
alpha functions in the literature (Mathias and Copeman [26], Twu et al. [27, 28]
etc.) that improves the performance of the SRK EoS for some complex systems.
The model has excellent predictive abilities for mixtures non-polar compounds.
For strongly polar and associating substances, large deviations between the experimental and calculated values can occur [20]. The basic form of the model is
given by:
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ܲൌ

ܴܶ
ܽ
െ
ܸ െ ܾ ܸ ሺܸ  ܾሻ

3-10

Where ܽ and ܾ are obtained from mixing rules (quadratic mixing rule here)
ܾ ൌ   ݔ ܾ

3-11



ܽ ൌ    ݔ ݔ ൫ܽ ܽ ൯


Ǥହ

ሺͳ െ ݇ ሻ
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The term ݇ represents a binary interaction parameter. This is specific to
each binary system and obtained from experimental VLE data. Several correlations for the binary interaction parameters are proposed in the literature [29].
A linear temperature dependence is introduced to obtain the best fit.
݇ ൌ ܽ  ܾ ܶ כ
ܽ ൌ ߙ ͲǤͶʹͶ

ܴ ଶ ܶଶ
ܲ

3-13
3-14

α – function improves the temperature dependence. Several variations in alpha function besides equation (3-16) have been proposed in the literature as
stated earlier. α – function uses acentric factor ω which contributes to the vapor
pressure at Tr = 0.7. This value satisfies the normal boiling point for most substances adequately. It can be calculated from the following equation:
ߙ ሺܶሻ ൌ ሾͳ  ݉ ൫ͳ െ ܶǤହ ൯ሿଶ

3-16

݉ ൌ ͲǤͶͺͷͲͺ  ͳǤͷͷͳͳ߱ െ ͲǤͳͷͳ͵߱ଶ

3-17

Where

ܾ ൌ ͲǤͲͺͶ

ܴܶ
ܲ

3-15

The value of ܽ and ܾ can be very different depending how they have been
determined [20]

3.2.2

Peng-Robinson (PR) - EoS

Peng Robinson EoS is very similar to the SRK EoS. PR EoS resulted from the
modification to the Redlich – Kwong EoS’s attractive term as can be seen from
equation (3-18). This modification subsequently improved the ability of the
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model to calculate density and critical compressibility factor which was lacking
in previous cubic EoS. PR EoS can be used for polar systems and both light and
heavy hydrocarbons with the possible variations in the alpha functions and mixing rules. Liquid density values, though improved significantly in comparison to
the values calculated from Redlich Kwong EoS, still has shortcomings since the
modification to the attractive term has little influence on the liquid density [20].
ܲൌ

ܴܶ
ܽ
െ
ܸ െ ܾ ܸ ሺܸ  ܾሻ  ܾሺܸ െ ܾሻ

3-18

Where
ܾ ൌ   ݔ ܾ
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and
ܽ ൌ    ݔ ݔ ൫ܽ ܽ ൯


Ǥହ

ሺͳ െ ݇ ሻ
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The binary interaction parameter (kij) is given by:
݇ ൌ ܽ  ܾ ܶ כ
Where

ܴ ଶ ܶଶ
ܲ
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ܴܶ
ܲ

3-32

ܽ ൌ ߙ ͲǤͶͷʹͶ
and
ܾ ൌ ͲǤͲͺͲ

3-30

The alpha function in equation (3-31) is given by:
ߙ ሺܶሻ ൌ ሾͳ  ݉ ൫ͳ െ ܶǤହ ൯ሿଶ

3-33

݉ ൌ ͲǤ͵ͶͶ  ͳǤͷͶʹʹ߱ െ ͲǤʹͻͻʹ߱ଶ

3-34

and

3.3

Perturbed Chain – Statistically Associating Fluid Theory (PCSAFT)- EoS

A modern EoS which treats molecules differently than cubic EoS is SAFT. The
development of this model is based on perturbation theory. The regular perturbation theories with Lennard-Jones potential struggle to account for the radial
distribution function of the associating fluids; this is because attractive forces
are dominant at small distances between hard spheres in reference fluids [30].
The basis of SAFT (Statistically Associating Fluid Theory) EoS was first presented as a theoretically based model by Wertheim [31-34] to address these
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forces by taking into account specific hydrogen bonding interaction through
physical perturbation. A major step forward in further extending his thermodynamic perturbation theory to mixtures was achieved by Chapman et al. [35, 36].
Since the original SAFT publication many versions and modifications have appeared in the literature: CK-SAFT [37, 38] LJ-SAFT, SAFT-VR [39] and PCSAFT [40]. The orientation of the molecules in chain formation is the principle
difference in the different versions of SAFT. The orientation steps in a molecule
formation contributes to the Helmholtz energy. SAFT type equations are expanded for Helmholtz energy [30].
ܽ௦ ൌ ܽ ௦  ܽ  ܽ௦௦௧

3-35

The total Helmholtz free energy “a” of the mixture is the sum of different
molecular phenomenon contributions. As can be seen from equation (3-35), the
residual Helmholtz energy is the sum of segment (which includes both hard
sphere reference and dispersion term), chain formation and association contributions. The main difference between the existing versions of SAFT as mentioned before is the orientation of the molecular chains, which finds its basis in
the concepts of sphere structure and attractive forces. As a consequence, only
the segment term is modified in the different versions of SAFT. Since in this
study, the PC-SAFT EoS was used, further discussion will follow the developments and variations found in this particular model.
ܽ ௦ ൌ ܽ  ܽௗ௦

3-36

The chain and association terms are the same in all SAFT versions
ܽ
ൌ  ݔ ሺͳ െ ݉ ሻሺ݃ ሺ݀ ሻ௦ ሻ
ܴܶ

3-37



ݔ is the mole fraction, ݉ is the pure species segment number in a component
and ݃ ሺ݀ ሻ௦ represents the hard sphere radial distribution.
The association term is expressed as
ͳ
ܺ
ܽ௦௦
ൌ  ݔ  ቆܺ െ
ቇ  ܯ ൩
ʹ
ܴܶ
ʹ
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where ܺ is the fraction of unbonded molecules at site A and Mi represents
association sites on molecule i
ିଵ

ܺ



ೕ  ೕ

ൌ ͳ    ߩ ܺ ο
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ೕ

In equation (3-39) ρj represents the molar density and ο ೕ represents the
strength between two sites, this is given by
26

Thermodynamic models

ଷ
ο ೕ ൌ ݀
݃ ሺ݀ ሻ௦ ߢ ೕ ቈ ቆ

ߝ ೕ
ቇ െ ͳ
݇ܶ

3-40

Whereߢ ೕ is the effective association volume, ߝ ೕ is the effective association energy, k is the Boltzmann constant, d is the temperature dependent size
diameter and is given by
െ͵ߝ
݀ ൌ ߪ ͳ െ ͲǤͳʹ݁ ݔ൬
൰൨
݇ܶ
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௦

௦
݃ ൫݀ ൯ ൎ ݃
൫݀ ൯

3-42
ଶ

݀ ݀
݀ ݀
ͳ
ʹߞଶଶ
͵ߞଶ
ൌ
ቆ
ቆ
ቇ
ቇ
ଶ
ͳ െ ߞଷ
݀  ݀ ሺͳ െ ߞଷ ሻ
݀  ݀ ሺͳ െ ߞଷ ሻଷ
where,
ߞ ൌ

ߨܰ
ߩ  ܺ ݉ ݀
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and NAV is the Avogadro’s number and σ is temperature independent segment
diameter.
Real molecules tend to show interpenetration when in contact at high temperatures in contrary to the hard sphere concept. The temperature dependent
segment diameter accounts for this interpenetration which is however very
small in practical application [29].
As indicated earlier in equation (3-36) the segment contribution ܽ ௦ has further contribution from the hard chain and dispersive attraction term. In earlier
versions of SAFT the perturbation was applied to the hard sphere repulsive term
while Gross and Sadowski [40] suggested the perturbation to the hard-chain
repulsive term (݉
ഥ ܽ௦  ܽ ). The hard sphere contribution is given in equation (3-44) while the chain contribution is given in equation (3-37).
ͳ ͵ߞଵ ߞଶ
ߞଶଷ
ߞଶଷ
ܽ௦
ൌ ቈ


െ ߞ ቇ ݈݊ሺͳ െ ߞଷ ሻ
ቆ
ܴܶ ߞ ͳ െ ߞଷ ߞଷ ሺͳ െ ߞଷ ሻଶ
ߞଷଶ
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One of the major distinctions between various versions of SAFT is the formulation of the dispersive attraction term. In PC-SAFT the dispersive attraction is
added to the whole chain first rather than the hard spheres first as in the original
version of SAFT. Perturbation expansion of the second order is applied to the
dispersion contribution yielding:
ܣଵ
ܣଶ
ܽௗ௦
ൌ

݇ܶܰ ݇ܶܰ ݇ܶܰ
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where:
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ஶ
ߝ
ܣଵ
ൌ െʹߨߩ݉ଶ ቀ ቁ ߪ ଷ න ݑሺݔሻ ݃ ሺ݉Ǣ ߪݔΤ݀ ሻ ݔଶ ݀ݔ
݇ܶܰ
݇ܶ
ଵ

߲ܼ 
ܣଶ
ൌ െߨߩ݉ ቆͳ  ܼ   ߩ
ቇ
݇ܶܰ
߲ߩ

ିଵ

݉ଶ ቀ

ஶ
ߝ ଶ ଷ ߲
ቁ ߪ
ቈߩ න ݑሺݔሻ ݃ ሺ݉Ǣ ߪݔΤ݀ሻ ݔଶ ݀ݔ
݇ܶ
߲ߩ
ଵ
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and  ݔൌ ݎΤߪ, ݑሺݔሻ ൌ ݑሺݔሻΤߝ are reduced radial distance and reduced potential respectively. ݃ ሺ݉Ǣ ߪݔΤ݀ሻ denotes average radial distribution function of
the adjoining segments in a hard chain fluid. [40] . The compressibility term
arising in equation (3-47) can be expressed in terms of packing fraction ߟ as
follows:
ቆͳ  ܼ   ߩ

߲ܼ 
ቇ
߲ߩ

ͺߟ െ ʹߟ ଶ
ʹͲߟ െ ʹߟଶ  ͳʹߟଷ െ ʹߟ ସ
ൌ ൭ͳ  ݉
 ሺͳ െ ݉ሻ
൱ൌܹ
ଶ
ସ
ሺͳ െ ߟሻ
൫ሺͳ െ ߟሻሺʹ െ ߟሻ൯
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The integrals arising in Equations (3-46) and (3-47) are abbreviated as ܫଵ and
ܫଶ respectively. These integrals are a function of temperatures, density and segment number. They can be substituted by power series in density yielding equations (3-49) and (3-50):


ஶ

ܫଵ ൌ න ݑሺݔሻ ݃

 ሺ݉Ǣ

ߪݔΤ݀

ሻ ݔଶ

ଵ

݀ ݔൌ  ܽ ߟ 
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ஶ

ܫଶ ൌ ቈߩ න ݑሺݔሻ ݃

 ሺ݉Ǣ

ߪݔΤ݀

ଵ

ሻ ݔଶ

݀ݔ ൌ  ܾ ߟ 
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ୀ

The temperature dependent coefficients ܽ and ܾ are given by
ܽ ൌ ܽ 

݉െͳ
݉ െ ͳ݉ െ ʹ
ܽଵ 
ܽଶ
݉
݉
݉
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ܾ ൌ ܾ 

݉െͳ
݉ െ ͳ݉ െ ʹ
ܾଵ 
ܾଶ
݉
݉
݉
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The values of these coefficients are given in the original article of the PCSAFT [40].
Van der Waals’ one fluid mixing rule can be applied to the dispersion contribution for mixtures yielding
ߝ
ܣଵ
ൌ െʹߨߩܫଵ ሺߟǡ ݉
ഥ ሻ   ݔ ݔ ݉ ݉ ቀ ቁ ߪଷ
݇ܶܰ
݇ܶ
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One of the advantages of the SAFT type models is it does not need mixing
rules for the chain and association terms. They are only needed in the dispersion
term. Segment energy and volume are extended to mixtures with combing rules.
Typically, ߝ and ߪ are given by Lorentz-Berthelot combining rules for PCSAFT EoS
ߝ ൌ ඥߝ ߝ ൫ͳ െ ݇ ൯

ߪ ൌ

ߪ  ߪ
ʹ
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݇ represents binary interaction parameter which is used for the correction
of the dispersion energies of unlike molecules [41]. The binary interaction parameter is optimized form experimental data

3.3.1

PC-SAFT: Pure component parameter estimation

PC-SAFT EoS has three pure component model parameters for non-associating
and non-polar systems. These are segment number (m), segment diameter (ߪ)
and segment energy (ߝȀ݇ሻ. These parameters are typically regressed from pure
component saturated liquid density and vapor pressures. For polar systems, the
addition of the polar contribution (aPolar) to the residual Helmholtz energy is
needed. A number of approaches have been proposed over the years for determining this term. These approaches however, vary slightly in performance when
applied to polar systems [41]. The polar contribution from Jog et al. [42] was
adapted for this work in representing polar compounds. The dipolar contribution suggested by Jog require two additional pure component parameters
namely; dipolar fraction (Xp) and dipole moment (μ).
The estimation and evaluation procedure of these pure component parameters (m,ߪ,ߝȀ݇, Xp, μ) is complex and deserve further explanation. Dipole moment as suggested in text books, can be set as constant. It can be measured experimentally or can be estimated using quantum mechanics principles. The
other four parameters are regressed from pure component liquid density and
vapor pressure data. It was observed and also has been commented in the literature [43] that multiple sets of parameters yielding acceptable errors are encountered during regression. This problem is however reduced by using global
minimization techniques and evaluating the parameters from their physical
meanings. For example, during regression the dipolar fraction (Xp) can result in
the values exceeding unity or less than zero which is not logical for a fraction
value. A very good discussion on the pure component parameter estimation and
their rigorous analysis is given by Soo [43] and Kontogeorgis and Folas [41].
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3.3.2

Comparison of the cubic and PC-SAFT EoS’s

The comparison between the performances of PC-SAFT and cubic EoS’s are
discussed in detail in publication [III]. PC-SAFT EoS owing to its modular structure in terms of residual Helmholtz energy contributions, is more adaptive to
different nature of systems. PC-SAFT is expected to perform better for complex
systems such as those exhibiting polarity and association because of the presence of the complex physical interactions embedded in the model. The comparison of the different EoS in the article [III] and also in the literature [41] however, revealed that both EoS have similar accuracy for non-polar systems. A
small binary interaction parameter (kij) is needed in most cases for accurate correlation. It was shown in publication [III] that PC-SAFT with the additional polar contribution, to the overall residual Helmholtz energy, showed excellent correlation for the CO – Polar system (trans-Crotonaldehyde) without the binary
interaction parameter.

3.4

Activity coefficient models

As we have seen in section 2.3, the non-ideality in the liquid phase of a mixture
can be accounted by the activity coefficient. It is convenient to present the activity coefficient in terms of excess Gibbs energy which lays the foundation of
liquid activity coefficient models, the so called gE models. Furthermore, excess
property relations allow the determination of other useful thermodynamic
property parameters (HE, VE). Excess Gibbs energy models are usually a function of liquid composition, volume fractions and temperature [12].
Two basic types of activity coefficient models are present in literature, random
mixing models (for example Margules and Van laar) and the local composition
(LC) models (for example Wilson, NRTL, UNIFAC and UNIQUAC). Random
mixing of molecules is not entirely correct and a way to treat the randomness is
given by the local composition models mentioned above. Liquid activity coefficient models based on the local composition concept are applicable to wider
range of temperatures and pressures [29].

3.4.1

UNIQUAC - UNIversal QUAsiChemical

UNIQUAC developed by Abrams and Praustnitz [44] is based on the local composition concept. The model is composed of combinatorial and residual part
that accounts for differences in the molecule geometry and intermolecular interactions, respectively. The geometric parameters are characteristic parameters for each compound and the binary parameters are adjusted from phase
equilibrium data. UNIQUAC is not a predictive model; experimental data are
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required for parameter optimization. The model can be applied satisfactorily
also to partially miscible systems.

3.4.2

NRTL - Non-Random Two-Liquid

Renon and Praustnitz in 1968 [45] proposed a new model named Non-Random
Two-Liquid (NRTL). This liquid activity coefficient model is based on local composition and non-randomness approach. NRTL allows the determination of activity coefficients of multicomponent systems using binary parameters (Δܩଵଶ ,
Δܩଶଵ ) and a non-randomness parameterܽଵଶ . The binary parameters are adjusted from the experimental data while the non- randomness parameter can
have a fixed value of 0.3 for non-aqueous mixtures and 0.4 for aqueous organic
mixtures, though different values have been suggested in the literature [46].
Non-random parameters can also be regressed from the phase equilibrium data.
The basic formulation of the NRTL is expressed as:
σ ߬ ܩ ݔ
ܩா
ൌ  ݔ
σ ܩ ݔ
ܴܶ
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The non-randomness parameter is symmetric i.e. ܽଵଶ = ܽଶଵ
߬ଵଶ ൌ

ܩଵଶ െ ܩଶଶ
ܴܶ
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߬ଶଵ ൌ

ܩଶଵ െ ܩଵଵ
ܴܶ
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NRTL model is good for systems with partial miscibility and can effectively
identify a maxima or minima in the system unlike Wilson. The embedded temperature dependency allows the model to be applied to multicomponent systems.
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4. Experimental Procedures

The thermodynamic data presented in this work were obtained using several
apparatus such as inert gas stripping, static-analytic VLE apparatus, high pressure high temperature static-analytic VLLE apparatus, calorimeter and continuous flow VLE method. The description of each apparatus along with its working procedure is already presented in the relevant publications and available as
appendices to this thesis. The following section will give short and concise overview of the experimental techniques used. Moreover, this section further elaborates on the relevant experimental uncertainties associated with each experimental technique.

4.1

Inert gas stripping – rapid dilutor method

Inert gas stripping equipment is used here to measure activity coefficients at
infinite dilution. A solution containing small amount of solute (xi < 0.001) in a
solvent (water in this case) is prepared and loaded in the dilutor cell. At constant
temperature maintained by the GC oven, an inert gas, such as nitrogen or helium, is passed through this solution. As the gas flows through the solution from
tiny evenly spaced capillaries it strips the solute from the solution. The concentration of the solute in the exiting gas stream is analyzed continuously with the
help of a FID detector mounted on a GC. The rate of decreasing concentration
enables the determination of the limiting activity coefficient of the solute from
the solution. Different compounds tend to have different elution rates depending on their association with the solvent.
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Figure 1 Inert gas stripping equipment. A- Gas supply, B- Mass flow controller, C- Temperature recorder,
D- Glass cell, E- Magnetic Stirrer, F- Capillaries, G- FID detector, H- Electrically heated line, I- Signal converter, J- Computer.

Figure 1 illustrates the schematic diagram of the equipment while Figure 2
gives the photo of the cell assembly. The equipment is designed by Prof.
Dominique Richon and is based on his previous design presented in Richon et
al. [47].
Limiting activity coefficients from this equipment were measured for reference system of n-butanol while new measurements were made for furan, acrolein, crotonaldehyde and valeraldehyde in water. Other important thermodynamic properties such as Henry’s law constants, air-water partition coefficients
and partial molar excess enthalpies at infinite dilution were also derived from
the limiting activity coefficients and reported. Furthermore, a mass transfer
study was also carried out to investigate the equilibrium of the gas leaving the
cell.

Figure 2 Photo of the cell assembly: Inert gas stripping.

Further details of the equipment with acquired results are presented in
Qureshi et al. [I]
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4.2

Inert gas stripping – classical glass apparatus.

Limiting activity coefficients for furfural, 2-methylfuran, 2,5-dimethylfuran,
methyl vinyl ketone and allyl alcohol in water were measured at UCT- University
of Chemical Technology, Prague. Inert gas stripping glass apparatus was used
for the measurements under the supervision of Prof. Vladimír Dohnal and Dr.
Pavel Vrbka. The equipment is an all glass jacketed container accommodating
two different sized cells connected with each other. The working principle of the
equipment is similar to what is mentioned earlier. The inert gas enters first in
the saturator cell where it is saturated with the solvent and then subsequently
enters into the dilutor cell where a dilute solution is present. As the gas pass
through the dilutor cell, it strips the solute from the solution present in the dilutor cell.

Figure 3 Inert gas stripping – glass cell. (A) Saturator cell, (B) Dilutor cell, arrows indicate the flow of gas
[48].

The temperature is maintained with controlled water circulation. The gas exiting the dilutor cell is sampled periodically in an FID installed on a GC with the
help of the sampling valves unlike continuous stripping in the rapid dilutor
method. The elution of the solute is monitored and resulting rate of elution is
used for the determination of the limiting activity coefficients. During the measurements two different sizes of the cells (17 cm3 and 214 cm3) were used to accommodate widely different solute volatilities (air-water partition coefficients).
More details on the equipment are given in Hovorka et al. [48] and Qureshi
et al. [III]
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4.3

Comparison of the rapid IGS method and classical IGS glass
apparatus

The rapid dilutor method allows continuous determination of the elution signal
which means that enormous number of data points are collected in short time
to confidently determine the Henry’s constants. This further implies that solutes
with higher relative volatility can be measured accurately with this technique.
Classical stripping technique, on the other hand, employing the glass bottles as
shown in Fig. 3 analyses the solute concentration periodically using gas sampling valve which makes the experimental run comparatively longer but with
reduced experimental uncertainties. Compounds with too high or too low relative volatility cannot be used in the classical approach since the elution rates can
be either too high or too small to determine the Henry’s law constants reliably.
Lower flow rates of the inert gas together with the different cell with different
volumes however, can extend the operating conditions of the glass apparatus.
As also pointed out in article [IV] the reliable determination of the limiting activity coefficients were not possible for furfural and allyl alcohol in water at
lower temperatures owing to their low aqueous solubility. In classical approach,
peak areas unlike peak heights as in rapid method are manipulated to determine
the solute elutions. Consequently, the elution rates for multicomponent systems
are possible with classical approach. Rapid inert gas stripping method also has
some limitations. It also cannot be used for compounds with very low relative
volatility because the change in solute concentration over time is rather too
small to be measured accurately and is distorted by the inherent noise of the
signal.
Mass transfer study suggested that cells with increased heights (increased
bubble path lengths) are needed for compounds with low relative volatility. Alternatively, the residence times of the bubbles can also be increased to some
extent by increasing the speed of mixer. However, this causes the bubbles to be
attracted towards the stirrer resulting in more time spent in the solution. Higher
stirrer speeds (rpm > 500) tend to force the bubble to coalesce and as a result
when these large bubbles explode as they leave the liquid surface, they disturb
the vapor phase composition considerably resulting in significant noise in the
signal.
There is no universal technique available for the determination of liquid activity coefficients for all types of compounds. Both of these aforementioned techniques have their pros and cons and are used in different situations depending
on the relative volatility of the compound under consideration.

4.4

Static-analytic VLE cell

Static-analytic VLE method is used for obtaining PTxy type of data. In this work
this technique was used to measure the solubility of carbon monoxide in bio-oil
compounds.
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Compounds are fed to the equilibrium cell (34 cm3) followed by the gas *(carbon monoxide in this case) and thermostated in a bath. Upon equilibrium, the
samples from the liquid and vapor phase are withdrawn with the help of electromagnetic ROLSI IVTM samplers. The online GC circuit sweeps the analyte
from an electrically insulated transfer line and through the GC column resulting
in distinct peaks corresponding to individual analytes. The pressure and the
temperature of measurements are precisely measured with automated thermometers and pressure transducers. The equilibrium inside the cell is accelerated with a stirrer operated from an external assembly as indicated in Figure
(4).
More details of the apparatus are given in the publication of Qureshi et al.
(III)
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Figure 4 Schematic diagram of the equipment: CO, carbon monoxide cylinder; N2, nitrogen cylinder; LV1,
LV2, LV3; non-returning stem loading valves; L, liquid ROLSI IV™ sampler; V, vapor ROLSI IV™ sampler; PP,
platinum probe; PTH, pressure transducer holder; HPT, “high pressure” transducer; LPT, “low pressure”
transducer; ST, sapphire tube; M, motor; ThR, thermally regulated; TR, temperature regulator; GC, gas
chromatograph. [III]

4.5

Static-analytic high pressure - high temperature VLLE Cell

The high temperature and high pressure VLLE cell was designed and developed
by Prof. Dominique Richon and Dr. Petri Uusi-Kyyny in this project. The novel
design of the cell enables the sampling of multiple liquid phases by tilting the
equilibrium cell with a chain assembly operated from the outside as can be seen
from Fig. 5. The cell assembly is housed in an oven and fitted with two novel
(especially designed, built up and tested) high temperature pneumatic capillary
samplers. The equipment is designed to tolerate 35 MPa and 673 K. The contents inside the cell can be viewed from the outside of the oven through sapphire
windows. This enables precise sampling of the phases.
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The degassed compounds are fed to the equilibrium cell with the help of a
syringe pump and left to equilibrate in the GC oven at the specified temperature.
Efficient mixing is achieved with the help of a stirring assembly inside the cell.
Upon equilibrium, the samples from the gas and liquid phases are withdrawn
and transferred to a GC detector through an electrically insulated transfer line.
The samples are analyzed either using a TCD or an FID detector thanks to a
deans switch. Temperatures and pressures are continuously logged using an
AGILENT KEYSIGHT 34972a unit. More details on the construction and the
operation of the equipment are presented in publication [V].
The equipment was successfully tested with a propane – water system. Furthermore, measurements for 2-methylfuran – water and water – cyclohexane
systems were carried out. The results are presented in the results and discussion
section.

Figure 5 Schematic diagram of the equipment: 1. Flow regulator; 2. Injector; 3. Gas Chromatograph; 4.
Oven holding rack; 5. Oven axis; 6. Timer; 7. Compressed Air; 8. Vent; 9. Pneumatic liquid sampler; 10.
Pneumatic vapor sampler; 11. Pressure transducer electronic box; 12. Pressure transducer; 13. Platinum
probe; 14. Platinum probe electronic box; 15. Non-rotating stem valve; 16. Syringe pump; 17. Nitrogen
cylinder; 18. Vacuum pump; 19. Propane cylinder; 20. Oven holding rack; 21. On/off Valve; 22. Nitrogen
cylinder for flushing the oven; 23. Mechanism for oven rotation along axis; 24. Motor; 25. Motor speed
regulator; 26. Ball bearing; 27. Equilibrium cell body; 28. Chain; 29. Gear wheel; 30. Roller ball bearing;
31. External rotating magnetic holder; 32. Magnetic stirrer; 33. Oven [V].
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4.6

Continuous flow apparatus – dynamic VLE method

Continuous flow apparatus is based on the dynamic method for measuring VLE.
The technique is based on the visual determination of the bubble point through
a high-resolution camera. This equipment was used for measuring the hydrogen
solubility in allyl alcohol, furan and eugenol. The schematic picture of the apparatus is shown in Fig 6.
Predetermined composition of the hydrogen-liquid mixture is continuously
fed into the isothermal and isobaric measurement section where the number of
phases are observed with the help of a trans-illuminated sample view cell and a
camera system. The composition of the hydrogen-liquid mixture is gradually
changed until the saturation composition is found. Detailed description of the
apparatus and measurement procedure can be found from the Sajaanlehto et al.
[49]. However, for these measurements, the view cell was modified by extending
the inlet capillary in order to make the tip of the capillary visible. This modification significantly improved the detectability of the gas bubbles by allowing the
bubbles to grow within the visible part of the cell, on the tip of the capillary, see
Fig 7.
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Figure 6 Schematic diagram of the continuous flow apparatus: C, Camera; FM, flow meter; L, Light
source; P, Pressure transducer; P1, inlet pump; P2, outlet pump; T, temperature measurement; TR, thermally regulated [II].

Continuous flow method allows working at higher temperatures unlike static
methods because the residence time of the sample at high temperature is much
shorter. Consequently, thermal reactions have less time to occur and phase
equilibrium measurements are considerably better and reliable. In dynamic
method; equilibrium is affected by the residence time which is a function of flow
rate. Shorter residence times do not ensure equilibrium while longer residence
times risks the stability of the bio-oil compounds. In our experimental campaigns, flow rates corresponding to the shortest possible residence times were
determined by checking the solubility against the varying flow rates.
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Bubble

Extended
capillary
Figure 7 Rising bubble, view cell [II]

4.7

Tandem flow Calo/densimetry

ഥாǡஶ ) and excess volumes at infinite dilution (
Partial molar excess enthalpies ( ܪ
ாǡஶ
ത
ܸ ) were measured at UCT Prague together with the help of Professor Vladimír Dohnal and Dr. Pavel Vrbka. A calo/densimeter apparatus was used for the
determination of the said properties of bio-oil compounds’ mixtures. A calorimeter and a densimeter are arranged in series as can be seen from Fig 8. The density of the mixture exiting the calorimeter is measured under isothermal conditions as indicated in Fig. 8 using an Anton Paar DMA 5000 vibrating tube densimeter.
The excess enthalpy measurements were carried out on a modified isothermal mixing microcalorimeter (4400, CSC, Provo, USA). The calorimeter has a
thermal power sensitivity of 0.1 μW and the densimeter has a repeatability of
1·10-6 g·cm-3. A highly asymmetric syringe pump is also a part of the assembly
capable of delivering small flowrates. The signal corresponding to the mixture
was recorded for 5 hours at each composition. Moreover, signals corresponding
to the baseline were also recorded for 3 hours each before and after the experimental run. The entire experimental sequence was computer controlled and automated.
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Figure 8 Schematic diagram of the tandem flow arrangement of the isothermal mixing microcalorimeter
and the vibrating-tube densimeter: AT, air thermostat; CAL, microcalorimeter; CT, cooling thermostat;
DA, differential amplifier; DM, vibrating-tube densimeter; F, feed bottle; HE, heat exchanger; HS, heat
sink; P1, high-performance liquid chromatography (HPLC) syringe pump (400 mL); P2, syringe pump (8
mL); PC, computer for data acquisition and setup control; PM, Peltier cooler/heater module with fan;
PMC, Peltier module controller; RC, reference cell; SC, sample cell; T, temperature sensor; TS, thermoelectric sensors; W, waste bottle; WB, ultra stable thermostatting water bath. The picture and the caption
are taken from Dohnal and Rehak [50]
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5. Results and discussion

This section briefly summarizes the results from the study. Table 1 summarizes
the type of measurements performed with their respective temperature and
ഥாǡஶ ,ܸாǡஶ ,ܸതாǡஶ , Kaw ,
pressure ranges. The main thermodynamic results (γ∞,ܪ
H12, TPx, TPxy) are highlighted in this section.

5.1

Limiting activity coefficients for bio-oil compounds in water

Infinite dilution activity coefficients for bio-oil compounds in water were measured with two separate apparatus and at two different locations (Aalto University, Finland and University of Chemical Technology, Prague). The obtained results are reported in publication [I, IV]. Limiting activity coefficients for butanol, acrolein, valeraldehyde, trans-crotonaldehyde and furan in water were
measured using the equipment presented in section 4.1, while the classical inert
gas stripping glass apparatus, available in UCT Prague was used for the measurement of the limiting activity coefficients of furfural, 2-methylfuran, 2,5-dimethylfuran, methyl vinyl ketone and allyl alcohol in water. All the systems
studied are presented in Table 1.
5.1.1

Results for IGS rapid dilutor method – Aalto University

The liming activity coefficients were measured at several temperatures. The
temperature dependences of the limiting activity coefficients are graphically
presented in Fig 9.
For the compounds investigated with this equipment, limiting activity coefficient values were not available in literature. Thus, a comparison with the derived values such as indirect measurements such as from solubility measurements and from the values estimated from VLE extrapolations was made. As a
result, the deviations of these derived values from the values obtained in this
work are prominent as can be seen from Fig 9.
However, some values agree closely with the literature values. For example,
the limiting activity coefficient value of valeraldehyde at 298.15 K (220), is very
close to the value (220.2) obtained by Dallas [51]. Henry’s law constant, partial
molar excess enthalpy at infinite dilution and air-water partition coefficients
were also calculated from the limiting activity coefficient values. It was observed
that the infinite dilution activity coefficient values for the measured aldehydes
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TPx

H2 – Furan

H2 – Eugenol

298.15 – 313.15

ഥாǡஶ , Kaw, H12
γ∞ , ܪ

Furan – Water

401.9 – 472.9

342.5 - 402.0
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Valeraldehyde – Water
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298.15 – 333.15

ഥாǡஶ , Kaw, H12
γ∞ , ܪ

Acrolein – Water

Continuous Flow
apparatus
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n-Butanol – Water
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Type of data
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Table 1 summary of the measured data
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[I]
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323.15 – 333.15

γ∞, Kaw
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γ∞, Kaw

288.15 – 318.15

273.35 – 333.15

313.15 – 333.15

298.15
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[IV]

45

Results and discussion

(see Fig 9a, 9b and 9c) increase with the increasing temperature while the limiting activity coefficient of furan decreases with an increasing temperature (Fig
9d).
Variations in the operational parameters revealed important information regarding the operability limits of the instrument. The effect of liquid level in the
cell, inert gas flow rate, solute introduction technique and solute concentration
on the measurements were also studied as the part of this work. Moreover, a
mass transfer study was also carried out to verify if the gas leaving the cell is in
equilibrium with the liquid present in the cell.
This mass transfer study is useful for the equipment design and development
purposes. As a conclusion of this study, it was observed that compounds possessing high volatility from their aqueous solutions need longer residence times
to achieve optimum mass transfer. This can be improved by changing the geometry of the cell or manipulating the operating conditions such as increasing the
liquid level in the cell or increasing the stirring speed which causes the bubbles
to be dragged towards the center of the stirrer, thus increasing the residence
time of the bubble in the solution. However as mentioned earlier, high stirring
speeds are not recommended because bubble coalescence can happen around
the stirrer and deteriorate the mass transfer instead of improving it.
During this study it was also observed that inert gas stripping method is applicable to compounds with moderate volatility from their aqueous solutions.
Measurements are usually curtailed by different operational factors such as the
flow rate of the inert stripping gas, solute injection technique, effect of solute
concentration and the liquid level in the cell etc. However, for a variety of compounds with moderate volatility this method works fairly well. Fig 9 presents
the limiting activity coefficients obtained with this equipment at different temperatures. More information can be obtained from publication [I].
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Figure 9 Limiting activity coefficients as a function of temperature obtained in this work (a) acrolein in
water (○) This work (◊) Pierotti et al. [52], (b) valeraldehyde in water (○) This work (◊) Djerki et al. [53],
(∆) Dallas [51] (c) trans – crotonaldehyde in water (○) This work (◊) Pierotti et al. [52] (d) furan in water
(○) This work (□) Valvani et al. [54].
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5.1.2

Results for IGS classical glass apparatus – UCT Prague

Limiting activity coefficients γ∞ and air water-partition coefficients Kaw were
measured for furfural, 2-methylfuran, 2,5-dimethylfuran, methyl vinyl ketone
and allyl alcohol in water at temperatures in the 273 – 333 K temperature range
and atmospheric pressure using inert gas stripping technique. The measurements were carried using the classical inert gas stripping - glass apparatus at
UCT Prague.
The air-water partition coefficients were determined from the following formula
ܸ െܣଵ
ܲଶ௦
ܭୟ୵ ൌ ൬ ൰ ൬
൰ ቆͳ െ ቇ ߦ
ܦ
ݐ
ܲ

5-1

Where Vw is the volume of the dilute solution, D is the flow rate of the inert
gas at temperature T and pressure P of the cell, d lnA1/dt is the slope resulting
from the semi-logarithmic plot of the solute peak area A1 against time t. ܲଶ௦ is
the vapor pressure of the solvent at the cell temperature. ߦ is the correction factor close to unity accounting for the amount of the solute in the vapor phase Va
in the cell. ߦ is defined by
െܣଵ ܸ ିଵ
ߦ ൌ ͳ െ ൬
൰ ൬ ൰൨
ݐ
ܦ
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Limiting activity coefficients were measured using the following equation

ߛଵஶ ൌ

ܴܶܭୟ୵
ܲଵୱ ݒଶ

Ȱ

5-3

Where ܲଵୱ is the vapor pressure of the solute at cell temperature T and ݒଶ is
the molar volume of the solvent. Ȱis the non-ideality of the vapor phase. This
is defined by the equation:
Ȱ ൌ

߮ଵஶ ݖ
௦
߮ଵ ሾܱܻܲሿ

5-4

Where ߮ଵஶ and ߮ଵ௦ are the fugacity coefficients of the solute at infinite dilution
and at saturation respectively. ݖis the compressibility factor and ሾሿis the
Poynting correction (see eqs. 2.16 and 2.17). Virial equation was used to estimate the fugacity coefficients. The second virial coefficients were calculated
from the Hayden O’Connell correlation [18]. IGS measurements for furfural and
allyl alcohol were limited to temperatures ((313.15 – 333.15) K and (323.15 –
333.15) K, respectively) owing to the low volatility of these solutes from their
aqueous solutions. The elution rates with these compounds at temperatures below the studied temperatures were too low to be measured accurately.
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Calorimetric experiments were also carried out to exploit the temperature
dependence of IGS measurements, the details of which are presented in section
5.2. Additional literature data were used in establishing accurate temperature
dependency [52, 55, 56]. Literature data was not available for furans. For methyl
vinyl ketone, the available literature data [57, 58] differ greatly both with each
other and our Kaw measurements and thus were not used. Only few γ∞ literature
data points were available for furfural [55, 56] and allyl alcohol [52] but they
were found to be in good accord with our measured values.
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Figure 10 Limiting activity coefficients (γ∞) measured in this work ( )וfurfural, (●) 2-methylfuran, (■) 2, 5dimethylfuran, (▲) methyl vinyl ketone, (x) allyl alcohol
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Figure 11 Air-water partition coefficients (Kaw) measured in this work ( )וfurfural, (●) 2-methylfuran, (■)
2, 5-dimethylfuran, (▲) methyl vinyl ketone, (Х) allyl alcohol

The temperature dependences together with the uncertainty of the experimental results of the limiting activity coefficients and air water partition coefficients are discussed in article [IV].
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5.2

Excess properties of bio-oil compounds at infinite dilution in
water

Tandem flow mixing micro-calorimetry and densimetery technique was used to
measure the excess enthalpies and excess volumes of furfural, methyl vinyl ketone and allyl alcohol in water at infinite dilution in the temperature range from
273K to 333K. These measurements were not possible for the furans (2-methylfuran and 2,5-dimethylfuran) owing to their low aqueous solubility. Furthermore, the densities of all five compounds and viscosities (except furfural and
allyl alcohol, for which the lower limit of the equipment was limiting) were
measured in the temperature from 288 to 318 K temperature range.
During each calorimetric experiment, the composition of the solute was
varied from 0.01 to 0.0005 mole fractions in six intervals at equidistant temഥாǡஶ and
peratures from 288.15 to 318.15 K. Partial molar excess enthalpies ܪ
ாǡஶ
at infinite dilution were calculated from the
partial molar excess volumes ܸത
E
linear extrapolation on the H / (x1x2) and VE/ (x1x2) as a function of x1. Linear
trends were observed for these properties within the studied temperature range
(see Fig. 12 and 13). Moreover, these precise temperature dependences allowed
the determination of other important thermodynamic properties such as infiாǡஶ
ഥ ǡଵ
ഥ ଵஶ and excess parnite dilution heat capacitiesܥ
, partial molar expansionsܧ
ாǡஶ
ഥ ଵ as the slopes of the corresponding linear temperatial molar expansionsܧ
ture dependence.
5.2.1

Temperature dependence of ࢽλ and Kaw

As stated earlier, the calorimetric information is important in establishing correct temperature dependencies of the limiting activity coefficients ߛ ஶ ሺܶሻ and
air-water partition coefficients Kaw (T). This, on the other hand, can be obtained
from the accurate description of Kaw and ߛ ஶ data covering a wide temperature
range. To establish the temperature dependencies of the limiting activity coefficients ߛ ஶ ሺܶሻ, and partition coefficients Kaw (T) the measured data were combined and fitted to the following equation.
ܩଵ ൌ  ܣ ܤΤ߬  ݈߬݊ܥ

5-5

Where ܩଵ is the dimensionless Gibbs energy of hydration (ο௬ௗ ܩଵ Τܴܶ ൌ
݈݊ܭ௪ ሻ or dissolutionሺܩଵҧ ாǡஶ Τܴܶ ൌ ݈݊ߛଵஶ ሻǡ ߬ ൌ ܶΤܶ is the dimensionless temperature (ܶ =298.15 K), and A, B, C are adjustable parameters.
For furfural and allyl alcohol the temperature dependence of the limiting activity coefficientߛ ஶ ሺܶሻ was established by combining our ߛ ஶ values and those
ഥாǡஶ values obtained in this work. Kaw (T) was
from the literature together with ܪ
obtained by fitting the Kaw data simultaneously with the hydration thermal
properties (ο௬ௗ ܪଵ ሺʹͻͺǤͳͷሻ andο௬ௗ ܥǡଵ ሺʹͻͺǤͳͷሻሻ obtained from equations
(5-6) and (5-7).
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ഥாǡஶ െ ο୴ୟ୮ ܪଵ  ܴܶሺͳ െ ߙ୵ ܶሻ
ο௬ௗ ܪଵ ൌ ܪ

5-6

ߙ୵

●
ҧ ாǡஶ െ ൫ܥǡଵ
ο௬ௗ ܥǡଵ ൌ ܥǡଵ
െ ܥǡଵ
൰൨
൯  ܴ ͳ െ ʹߙ୵ ܶ െ ܶ ଶ ൬
ܶ

5-7


●
,and ܥǡଵ
are pure solute standard enthalpy of vaporizaWhere ο୴ୟ୮ ܪଵ,ܥǡଵ

tion, heat capacity in the ideal gas state and heat capacity in the liquid state,
respectively. ߙ୵ is the thermal expansion coefficient of water. The values of
ο௬ௗ ܪଵ and ο௬ௗ ܥǡଵ were calculated on the basis of our experimentally deterഥாǡஶ value and pure solute data from the the literature. The temperature
mined ܪ
dependences for furans were established using experimentally measured VLE
data only. Excess enthalpy experiments for furans were not possible because of
their low aqueous solubility. Kaw (T) dependence of methyl vinyl ketone was established solely from the measured data and the conflicting literature data was
not used. ߛ ஶ ሺܶሻ was obtained by combining the experimentally determined ߛ ஶ
and Kaw data and fitting it simultaneously to equation (5-5).
The partial molar excess enthalpies and excess volumes at infinite dilution
measured in this work are presented in Fig. (12 and 13).
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Figure 12 Partial molar excess enthalpy at infinite dilution ࡴ
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methyl vinyl ketone, (●) allyl alcohol.

51

Results and discussion

0
-1

285

290

295

300

305

310

315

320

V i̅ E, ∞ / (cm3·mol-1)

-2
-3
-4
-5
-6

-7
-8
-9

T/K

-10
ഥ ࡱǡஶ
Figure 13 Partial molar excess volume at infinite dilution ࢂ
versus temperature T: ( )וfurfural, (▲)

methyl vinyl ketone, (●) allyl alcohol.

The trends of excess properties with respect to changing temperatures are
discussed in detail in article [IV]. Furthermore, the uncertainties associated
with the experimental data are also illustrated in the Table 6 of article [IV].

5.3

Carbon monoxide solubility in bio-oil compounds

The solubility of carbon monoxide was measured in bio-oil compounds (trans
– crotonaldehyde, 2-methylfuran, furan and diacetyl) at various temperatures
and pressures using a static-analytic VLE method. The solubility in all the investigated compounds was found to be low but an increasing function of pressure (see Fig. 14 -17).
The solubility of CO in bio-oil compounds was modeled with three different
EoS models (PC-SAFT, SRK and PR) and a comparison between the performances of three EoS was made. Moreover, PPC-SAFT (Polar PC-SAFT) was
used to model the CO solubility in polar compounds.
It was observed that owing to the differences in the nature of the compounds
no single model suited all the systems. Furthermore, the predicted solubilities
of cubic EoS without the binary interaction parameters were found to be slightly
better than PC-SAFT but upon the optimization of the binary interaction parameters all tested EoS’s showed similar results. The predictive ability of polar
PC-SAFT in the case of polar compound such as CO – trans-crotonaldehyde (see
Fig. 14) was much better than normal PC-SAFT and cubic EoS. PPC-SAFT, when
applied to a non-polar compound such as 2-methylfuran, (see Fig. 15) achieved
similar results than normal PC-SAFT and cubic EoS. It can be concluded from
this comparison that the performance of the PC-SAFT for the non-polar compounds is similar to cubic EoS while PPC-SAFT is superior to cubic and PCSAFT EoS for polar compounds.
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Figure 14 Solubility of CO in trans-crotonaldehyde: (□), Experimental values at 298.15 K; (∆), Experimental values at 323.15 K; (
), calculated* at 298.15 K using optimized kij; (
), Calculated* at
), predicted* at 298.15 K using null kij; (
), predicted* at 323.15 K
323.15 K using optimized kij ; (
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Figure 15 Solubility of CO in 2-methylfuran: (○), Experimental values at 273.15 K; (□), Experimental values at 298.15 K, (∆), Experimental values at 323.15 K; (
), calculated* at 273.15 K using optimized kij;
), Calculated* at 323.15 K using optimized kij
(
), Calculated* at 298.15 K using optimized kij ; (
;(
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), predicted* at 323.15 K using null kij
*(a), with PC-SAFT; (b), with PPC-SAFT; (c), with SRK; (d), with PR

55

Results and discussion

8
7
6

p/MPa

5
4
3
2
1
0
0

0.01

0.02

0.04

0.05

0.06

0.07

0.04

0.05

0.06

0.07

0.04

0.05

0.06

0.07

0.03

x (CO)

(a)
8
7
6

p/MPa

5
4
3
2
1
0
0

0.01

0.02

0.03

x (CO)

(b)
8
7
6

p/MPa

5
4
3
2
1
0
0

0.01

0.02

0.03

x (CO)

(c)
Figure 16. Solubility of CO in furan: (○), Experimental values at 283.15 K; (□), Experimental values at
298.15 K, (∆), Experimental values at 323.15 K; (
), calculated* at 283.15 K using optimized kij; (
), Calculated* at 298.15 K using optimized kij ; (
), Calculated* at 323.15 K using optimized kij ;
(
), predicted* at 273.15 K using null kij; (
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), predicted* at 323.15 K using null kij. *(a), with PC-SAFT; (b), with SRK; (c), with PR
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Figure 17 Solubility of CO in diacetyl: (○), Experimental values at 283.15 K; (□), Experimental values at
298.15 K, (∆), Experimental values at 323.15 K; (
), calculated* at 283.15 K using optimized kij; (
), Calculated* at 298.15 K using optimized kij ; (
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5.4

Hydrogen solubility in bio-oil compounds

The solubility of hydrogen in bio-oil compounds (allyl alcohol, furan and eugenol) was measured at various and temperatures and pressures using a continuous flow apparatus. The hydrogen solubility was modeled using Peng Robinson
EoS. As can be seen from the Fig. 18, a linear solubility trend was observed with
an increasing pressure. The solubility of hydrogen in the bio-oil compounds was
found to be low in the studied pressure range. There were no literature values
present for the hydrogen solubility in these bio-oil compounds according to our
knowledge.
Bio-oil compounds owing to their structure tend to decompose at high temperatures, so in order to avoid flawed solubility results the purity of the sample
was analyzed after each experimental run. Continuous flow apparatus, to its advantage, is particularly useful for biofuels compounds because the residence
time is short in the highest temperature part of the apparatus but still high
enough to achieve equilibrium. It was observed, detailed also in the article [II]
that eugenol started to decompose at 543 K. Thus, solubility values resulting
from this isotherm were not included in the modeling.
The continuous flow apparatus is a very accurate apparatus for the determination of the bubble points. The bubble point can be observed visually using a
high-resolution camera. Thorough degassing of the compound, appropriate illuminance and clear focus of the cell view point is however necessary for accurate determination of the bubble point.
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Figure 18 P-x diagram for (a) H2 - allyl alcohol, (b) H2 – furan, (c) H2 – eugenol [II].

(a) Experimental values at 341.5 K: (○), 401.9 K: (□), 443 K: (∆), 473 K: (Թ). Calculated values with PR
EoS: (▬), colored markers indicate vapor pressure values from DIPPR [59] correlation.
(b) Experimental values at 342.5 K (○), 371.5 K (□), 402 K (∆). Calculated values with PR EoS: (▬), colored markers indicate vapor pressure values from DIPPR [59] correlation.
(c) Experimental values at 401.9 K: (∆), 472.9 K: (□). Calculated values with PR EoS: (▬), colored markers
indicate vapor pressure values from Yaws [60].
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5.5

High pressure High temperature VLLE.

A novel HP HT VLLE equipment was used in this work, the description of the
equipment is given in section 4.4. The equipment was validated with the reference measurements of solubility of propane in water and also mutual solubility
of water – cyclohexane system. Furthermore, the solubility of 2-methylfuran in
water were measured and compared with the available literature values.

5.5.1

Solubility of propane in water

The solubility of propane in water was measured at 323 K and pressures from
0.47 - 1.54 MPa (see Fig. 19). The measurements agreed closely with the solubility values obtained by Chapoy et al. [61] and Koyabashi and Katz [62]. The
absolute average deviation from the polynomial regressed on the literature values resulted in 3.2 %.
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Figure 19 Solubility of propane in water at 323 K. ●, This work; ○, Chapoy et al. [61]; ◊, Kobayashi and
Katz [62]; —, 2nd order polynomial fitted to the data from Chapoy et al. [61].

5.5.2

Mutual solubility of cyclohexane and water

The solubility of cyclohexane in water was measured from 397.90 to 498.57 K
and pressures from 0.59 to 1.06 MPa (see Fig. 20) while the water solubility in
cyclohexane was measured from 423.14 to 498.75 K and pressures from 1.06 to
4.81 MPa (see Fig. 21). An absolute average deviation between the literature correlation [63] and the measured values resulted in 3.7 % in terms of cyclohexane
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mole fraction. The measured values agree closely with the solubility values obtained by Tsonopoulos and Wilson [63] and Marche et al [64]. The solubility of
water in cyclohexane was lower than 11 % from the literature correlation [63]
but still residing under experimental uncertainty.

Figure 20 Solubility of cyclohexane in water. ●, This work; ○, Tsonopoulos and Wilson [63]; ◊, Marche et
al. [64]; Δ, Guseva and Parnot [65] ; , three phase critical point, Tsonopoulos and Wilson [63] ; ----,
model [63].

Figure 21 Solubility of water in cyclohexane. ●, This work; ○, Tsonopoulos and Wilson [63]; ◊, Marche et
al. [64]; X, Plenkina et al. [66]; ----, model [63].
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5.5.3

Solubility of 2-methylfuran in water

The solubility of 2-methylfuran in water was measured from 298 to 413 K and
pressures from 0.58 to 1.09 MPa (see Fig 22). The solubility curve showed a
minimum at 313 K approximately which also corresponds to x (2-MF) = 0.0007.
Literature values in this case were scarce. One solubility value at 298.15 K was
available from Smith and Labonte [67] and two solubility data points were available at 293 and 323 K from Karmilchik and Yefimova [68]. More solubility values were determined from other type of data present in literature. Henry’s law
constants were taken from Wieland et al. [69], octanol-water coefficients were
taken from Aneja [70]. Our measured values agree closely with the values obtained by Smith and Labonte [67], while a discrepancy was observed from the
values obtained by Wieland et al. [69] and Aneja [70]. The solubility of 2methylfuran in water was modeled with UNIQUAC and NRTL. The difference
between the models was barely noticeable. However, the AAD observed with
NRTL for the 2-methylfuran was 3.7% in terms of solubility whereas, with
UNIQUAC it was 4.3% mol fraction. The data of Smith and Labonte [67] were
also used for comparison (see Fig 23).
It was challenging to measure the 2-methylfuran solubility in water because
2-methylfuran tend to decompose at high temperatures. Thus, to check the reaction products we conducted a GC-MS analysis of the highest temperature
treated solute. The results indicated the main impurity was tetrahydro-2methylfuran whose content in the sample before and after the experiment increased from 0.3 to 1.2 mass %.
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Figure 23 VLLE of 2-methylfuran + water. ◊, Vapor, Smith and Labonte [67]; ♦, Liquid, Smith and LaBonte
[67]; —, NRTL, 6-parameters.
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6. Conclusions

The importance of renewable fuels, particularly those derived from biomass
cannot be denied in the prevailing energy crisis situation and current greenhouse gas emissions in the world. Advances in the diversified research domains
pertaining to biofuels industry requires accurate experimental data upon which
accurate process models can be built.
The aim of this research work was to determine the thermodynamic data, particularly phase equilibrium data for the compounds found in bio-oil. Bio-oil has
a huge potential to be used as a biofuel and a precursor to various value added
chemicals and fuel additives.
Towards the accomplishment of this task several thermodynamic properties
ഥாǡஶ ,ܸതாǡஶ ) were measured. Various experimental tech(γ∞, VLE, VLLE, LLE, ܪ
niques and instruments were employed to measure these data. These data were
successfully modeled with the state of the art thermodynamic models and inferences based on the experimental results were drawn.
Limiting activity coefficients of several bio-oil compounds in water were measured using inert gas stripping technique. Binary data of bio-oil compounds with
water is essential for the separation processes employed by the bio-oil refining
industry because water is detrimental to the fuel characteristics of bio-oil and
must be separated. Experiments were carried out in large ranges of temperatures to establish reliable temperature dependence of properties. In order to
complement and support the limiting activity coefficient data, excess properties
of bio-oil compounds in water were also measured. Accurate temperature dependencies of the limiting activity coefficient was established, thanks to excess
calorimetric data.
Moreover, the solubility of gases (CO and H2) in bio-oil compounds was studied using two different phase equilibrium techniques. The solubility of hydrogen
is particularly relevant to the hydrodeoxygenation (HDO) process which is used
for the bio-oil upgrading. Hydrogen solubility was measured with a continuous
flow apparatus at a wide range of temperatures and pressures. The solubility of
hydrogen was found low in the investigated compounds. It was also observed
that bio-oil compounds tend to degrade at high temperatures. Continuous Flow
Apparatus was particularly useful for measuring the data at high temperatures
because the flow technique allows the chemical to be in contact with the highest
temperature parts of the equipment for a short time which subsequently reduces
the extent of thermal degradation.
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Conclusions

Static analytic technique which allows the analytical examination of the samples was used to measure the solubility of CO in bio-oil compounds. The solubility was measured in four bio-oil compounds at several temperatures and
pressures. The measured data were modeled with three different EoS and the
comparison between the EoS performances was made. Definite conclusions
could not be drawn on the model suitability because of the diverse nature of the
compounds studied. However, it was observed that conventional cubic EoS
(SRK and PR) preformed equally well as compared to PC-SAFT and PCP-SAFT
for the non-polar and slightly polar compounds while PCP-SAFT was found better for the polar compound studied.
To extend the range of the phase equilibrium measurements, a new static-analytic VLLE apparatus was developed. It allows the determination of VLLE data
at temperatures and pressures up to 673K and 40 MPa respectively. The apparatus was validated with the propane – water and cyclohexane – water systems
and further used for measuring the solubility of 2-methylfuran in water. Liquid
activity coefficient models (NRTL and UNIQUAC) were used for modeling the
solubility data. A comparison of models indicated that NRTL was slightly better
than UNIQUAC for 2-methylfuran – water system.
The experimental findings and thermodynamic modeling results are deemed
useful in process design and development of the bio-refining processes. Since,
bio-oil is a mixture of variety of compounds, a natural progression in this work
would be the measurement of important thermodynamic properties of such
compounds upon which bio-oil upgrading process, storage and transport can be
improved. This will include both high and low temperature phase equilibrium
data. Thermophysical data such as critical properties, thermal conductivities,
densities and viscosity of high quality for bio-oil compounds are also of critical
importance in these processes.
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