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for the model and wrote the manuscript. Ms. Haapanemi measured majority of the data for the 
publication and the results were interpreted together with D.Sc. Alopaeus and D.Sc. Pokki, who 
also commented the manuscript. 

 
Publication III: Quaternary, ternary and binary LLE measurements for 2-Methoxy-2-

methylbutane + Furfural + Acetic acid + Water at temperatures between 298 and 341 K. 
Mr. Männistöt measured some sets of ternary LLE data for the system, regressed all the parame-
ters for the model and wrote the manuscript. Ms. Haapanemi measured majority of the data for 
the publication and the results were interpreted together with Dr. Alopaeus and Dr. Pokki, who 
also commented the manuscript. 

 
Publication IV: Ternary and Binary LLE measurements for Solvent (2-Methyltetrahydrofu-

ran and Cyclo-pentyl methyl ether) + Furfural + Water between 298 and 343 K 
Mr. Männistö measured half of the ternary and binary LLE data for both solvents, regressed all the 
parameters for the model and wrote the manuscript. Ms Fournis measured the other half of the 
data for the publication and the results were interpreted together with D.Sc. Alopaeus and D.Sc. 
Pokki, who also commented the manuscript. 

 
Publication V: Quaternary, ternary and binary LLE measurements for Solvent (2-Methyl-

tetrahydrofuran and Cyclopentyl methyl ether) + Acetic Acid + Furfural + Water between 
298 and 343 K 
Mr. Männistö measured all the data, regressed all the parameters for the model and wrote the 
manuscript. The results were interpreted together with D.Sc. Alopaeus and D.Sc. Pokki, who also 
commented the manuscript. 
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1. Introduction 

The increasing concern for the severity of global warming has urged the fossil-based industry 
to seek new raw materials to substitute oil and other fossil-based sources. Use of oil and fossil-
based fuels and chemicals increases the carbon dioxide (CO2) concentration of the atmos-
phere, blocking off the low wave-length emissions from earths surface and consequently in-
creasing the temperature of the planet. To mitigate the increase, shifting the focus towards bio-
based raw materials has been suggested as one solution. Use of wood and other biomass as a 
raw material replacement for current fossil sources for both fuels and high value chemicals 
would limit the increase of CO2 emissions. It could potentially even reverse the trend through 
combination of CO2 capture technologies with facilities utilizing biomass as an energy source. 

Biomass has gained increased interest in Finland and in some other countries in the Nordic 
region due to the relatively low population density and high amount of applicable forests and 
swamps. Nordics have a large guantity of pulp and paper industry, which also can benefit from 
the valorization of the side streams of their plants. Latest governmental strategy1 has outlined 
the increase of biofuel and biomass industry as one of the targets. Development of processes 
and methods of effectively utilizing this “Green Gold” abundant in the Nordic region requires 
investment in research and development in the chemical engineering and bioprocess fields. 
Biomass will probably not replace fossil sources in the near future, due the high amount needed 
for full replacement. However, there are various platform chemicals currently produced from 
fossil fuels, due to the considerably cheaper price tag, that could easily be produced via bio-
refineries. The change to biomass-based industry requires both interest for greener values and 
the decrease of the costs of production to become economically feasible for the large-scale in-
dustry. 

Biomass can be converted to various platform chemicals, which can further be developed into 
medicine, bio-based polymers or even biofuels. One such suggested biomass-based platform 
chemical is furfural, which is currently used as a raw material and an indermediate for various 
chemicals. It can be produced through dehydration of xylose in bio-refineries. Xylose is pro-
duced in a pretreatment step of wood-based biomass in pulp and paper plants, which are in-
creasingly being convertedtowards, or replaced with, bio-refineries with various product 
streams rather than just the paper production. A challenge with furfural production is, that 
nearly all the production methods provide a stream of low mass fraction of furfural in an aque-
ous mixture.  

Current methods for the separation of furfural from these streams are steam distillation, ad-
sorption, and liquid-liquid extraction. In addition, novel technologies such as membrane sep-
aration and ionic liquids have been studied as methods for furfural purification. There are chal-
lenges in all the separation methods; distillation is energy intensive, adsorption has issues with 
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adsorbent regeneration and liquid-liquid extraction faces them with loss of solvent and subse-
quent pollution potential. The the work done during this dissertation analyzes the suitability 
of various solvents for the liquid-liquid extraction of furfural from the dilute product streams. 
We aim to provide a feasible solvent with low material losses as well as low regeneration costs, 
as those two are the limiting factors with the utiliziation of liquid-liquid extraction unit opera-
tions.  

The dissertation is separated into 5 chapters, first one presenting the studied materials, sec-
ond one the principle of liquid-liquid equilibria and the third one tackling the methods and 
modeling, including the presentation of the utilized measurement apparatus and the models. 
The fourth chapter presents the results obtained and the final chapter presents conclusions 
and future challenges for the study. 

1.1 Bio-refinery concept  

A bio-refinery refers to a processing unit, which takes biomass as a raw material and produces 
a variety of high value chemicals, such as furfural and acetic acid. Pulp and paper mills devel-
oped in the 1980s and 1990s could therefore be categorized as a type of “bio-refinery” – though 
a crude one, as they took in wood and other biomass and produced paper and other similar 
products out of it. However, these early stage biorefineries discarded most of the other chemi-
cals produced as waste due to their low concentration in the streams, lack of financial interest 
and the expensive nature of their separation. Mainly tall oil and inorganic chemicals were sep-
arated from the black liquor. These refineries later developed into the first generation of bio-
refineries, as the demand for paper diminished and other sources of income needed to be 
found. In these mills, the raw material was often competing with food supply and the produc-
tion of the so-called “first generation” biofuels took place. The industry did not take long to 
shift from these raw materials to produce what is now refered as second-generation biofuels. 
These modern raw materials for bio-refineries are aimed to be nonfood stocks, such as ligno-
cellulosic biomass, woody crops and biowaste. 

Such biomass is naturally not limited only to wood, but can be expanded to include for ex-
ample empty fruit bunch, rice husk, corn cobs, sorghum, wheat and rice straws, and sugar cane 
bagasse.2 A very generial schematic for a bio-refinery and its potential products and raw mate-
rials is presented in Figure 1. 
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Figure 1. Bio-refinery schematic (Reproduced from IAE Biorefinery Task 42 – Biorefining) 

 
Hemicellulose and cellulose from these raw materials are separated via hydrolysis and then 

the further processed into various products. Furthermore, hemicellulose can be processed, 
through dehydration, into furfural, along with other products like acetic acid, and cellulose can 
be further processed into bioethanol.3 The conversion of hemicellulose to furfural is limited by 
the equilibrium of the reaction as well as the side products formed from furfural degradation. 
Traditionally, product streams from such units see a furfural content of ~5 w-% and must 
therefore be concentrated in furfural content for further use. As discussed earlier, multiple 
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methods exist to execute this step, however majority of them are either highly energy intensive 
(distillation) or not mature enough (membrane technology) to be commercially applied. Ma-
jority of this separation is still currently done with steam distillation, which is energy intensive 
due to high temperatures needed. One of the suggested alternatives has been liquid-liquid ex-
traction. 

 

1.2 Bio-components of interest 

1.2.1 Furfural 

Furfural is considered to be one of the potential next generation green platform chemicals for 
the future. It is a colorless liquid when in pure form, with an odour of almonds and has the 
chemical structure seen in Figure 2.  

 

 

Figure 2. Furfural 

It can be easily observed that furfural rapidly oxidises when exposed to air and turns yellow 
and eventually dark brown. The original use revolved around utilization as a solvent in chem-
ical synthesis and as a raw material for resin production. One example of earlier utilization is 
the extractive distillation of isobutene and 1-butene, where furfural was added to expand the 
relative volatility and improve separation. Presently furfural can be used as a raw material and 
as a platform chemical in the chemical industry. The end products from furfural range from 
pharmaceuticals to its original use as a solvent. The various products, intermediates and de-
rivatives are presented in Figure 3. 
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Figure 3. Furfural reactions and derivatives (Reproduced from Mariscal et al.4) 
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Furfural is produced from the dehydration reaction of xylose at temperatures between 160 
and 300 °C and in pressures up to 300 bars. The reaction conditions vary largely depending 
on the utilized catalysts for the reaction, as do the achieved conversions and selectivities.5 The 
conversion is limited by unwanted side reactions, such as resinification and fragmentation or 
decomposition.4 Efforts around improving the yield focus on adjustment of the temperature 
and the pressure of the reaction, different distillation methods, the study of biphasic system 
and the use of solid catalysts. 

Furfural is used to produce a variety of chemicals as seen in Figure 3, however the most eco-
nomically impactful ones are furfuryl alcohol (65% of total use) and the production of levulinic 
acid and γ-valerolactone, which can be used as platform chemicals for the production of liquid 
fuels, chemicals and polymers. Furfuryl alcohol is mainly used as a raw material for various 
moulds and cores for metal industry and can be used to produce various solvents used in the 
chemical industry. The wide range of commercially applicable furfural derivatives are pre-
sented in Figure 4 as reported by Mariscal et al.4. 

 

 

Figure 4. Commercially interesting Furfural derivatives. (Mariscal et al.4) 

Furfural is regarded as one of the potential platform chemicals for a greener future and the 
large variety of potential products supports this heavily. However, the issues discussed have to 
be tackled to enable the economical feasibility for the replacement of the petrochemical path-
ways with furfural derivatives.  

1.2.2 Acetic acid 

Acetic acid is a colourless liquid with a strong signature smell, it is present in nearly all bio-
refinery product streams containing furfural. The structure of acetic acid is presented in Figure 
5. 
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Figure 5. Acetic acid 

It is completely soluble in water and can cause challenges in the separation of furfural using 
liquid-liquid extraction. The acid is suggested to be formed via acid hydrolysis of acetylated 
xylose oligomers, which often occurs in similar conditions as furfural production takes place. 
Acetic acid is most commonly found in vinegar in daily life, however majority of it is used in 
polymer production in the chemical industry. Majority of these polymers are used in paints 
and coatings. Various other uses are reported in Ullmann's Encyclopedia of Industrial Chem-
istry6 and are presented in Figure 6. 

 

Figure 6. Acetic acid uses as reported in Ullmann's Encyclopedia of Industrial Chemistry6 
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1.3 Solvents of interest 

Solvents for extraction units can be categorized in many ways, one such way is based on their 
boiling points. Both higher than solute boiling point solvent (HBP) and lower than solute boil-
ing point solvent (LBP) have their own benefits and drawbacks. In the case of an HBP, the 
furfural is obtained from the top of the distillation column used for solvent regeneration, unless 
there are azeotropes to consider. This results in the high boiling point impurities being retained 
in the recycled solvent phase and may therefore start to collect in the unit over time.  

This work focused on the other type, LBP, where the furfural stream is obtained from the 
bottom of the column and retains the high boiling point impurities, providing a cleaner recy-
cled solvent stream. The solvents studied in the research leading to this dissertation are pre-
sented below, along with their typical uses and challenges related to thereof. 

1.3.1 2-Methyl-2-pentanone 

2-Methyl-2-pentanone (MIBK) is an organic colorless solvent with a sweet odour with a struc-
ture seen in figure 7. It is produced from acetone with a three-step process involving aldol con-
densation, dehydration and hydrogenation over a catalyst. It forms a liquid-liquid split when 
in contact with water and is used in a variety of chemical processes ranging from resin produc-
tion to paint and steel industry.7  

MIBK is considered as one of the default “go-to” solvents in the chemical industry due to its 
long history and was therefore a logical step to start the research from – both to validate the 
experimental apparatus and to provide novel high temperature LLE data for the solvent. [I] 

 

 

Figure 7. Methyl isobutyl ketone 

1.3.2 2-Methyl-2-butanol 

2-Methyl-2-butanol (TAA) is produced primarily from the “oxo process”, involving a low pres-
sure catalytic reaction with 1-butene, 2-butene, 2-methyl-propylene, hydrogen and carbon 
monoxide over a catalyst such as rhodium. Small quantities are produced from hydration of 
amylenes. The structure of TAA is seen in figure 8. Majority of the alcohol is used as a stabiliz-
ing agent in various processes with some amounts used as a solvent in preparation of epoxy-
containing resins and in petroleum recovery.8 

TAA has been studied in the past for different liquid-liquid extraction applications and there-
fore provided us with another effective validation solvent. Novel high temperature LLE data 
was measured along with validation data. [I] 
 

 

Figure 8. Tert-amyl alcohol 
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1.3.3 2-Methoxy-2-methylpropane 

2-Methoxy-2-methylpropane (MTBE) is a colorless liquid and has a mild odour with a struc-
ture presented in figure 9. It is most commonly used as a gasoline additive to increase the oc-
tane number of fuels; however, issues related to leaks to groundwater have made its use some-
what problematic. MTBE is not very soluble in water and does not form peroxides when it 
comes to contact with oxygen, unlike majority of ethers. 7  

MTBE has a very low normal boiling point (55.2 C), and the high volatility makes distillation 
costs low, making it an interesting potential solvent for liquid-liquid extraction. Novel ternary 
and quaternary data was measured for the solvent with furfural and acetic acid in aqueous 
solutions. [II] The measured temperature range is naturally small, due to the boiling point 
mentioned. Issues with the use of MTBE in such processes would require accurate wastewater 
treatment, as the ether has a tainted reputation as a groundwater contaminant. 
 

 

Figure 9. Methyl tert-butyl ether 

1.3.4 2-Methoxy-2-methylbutane 

2-Methoxy-2-methylbutane (TAME) is a colorless liquid with an etherous odour. The ether is 
produced by a reaction of methanol and isoamylene, such as 2-methyl-1-butene or 2-methyl-
2-butene, with a catalyst present9. Much like MTBE, TAME is also not soluble in water and 
does not form preoxides. Majority of TAME is utilized in fuel production as an oxygenate. Its 
structure is presented in figure 10. 

TAME has a considerably lower solubility in water than MTBE, which decreases solvent 
losses in raffinate streams. Novel ternary and quaternary data was measured with aqueous 
solutions of furfural and acetic acid. [III] 
 

 

Figure 10. Tert-amyl methyl ether  

1.3.5 2-Methyloxolane 

2-Methyloxolane (2-MTHF) is a solvent, which can be derived from furfural and is considered 
as a possible replacement for tetrahydrofuran in industrial processes. It is considered to be a 
green solvent and is produced through the catalytic hydrogenation of furfural. The structure of 
2-MTHF can be seen in figure 11. Majority of the chemical is used as a solvent to replace THF 
in organic chemistry reactions requiring a strong lewis-base10. 2-MTHF has a low miscibility 
in water and was therefore considered as a potential furfural extraction solvent. 

The relatively high boiling point of the solvent (80.2 C) also makes it a possible solvent for 
the biphasic reactor concept. Additional binary solvent+water data was provided from 287 K 
to 343 K with novel ternary data for furfural [IV], acetic acid [V] and quaternary data for an 
aqueous solution containing both furfural and acetic acid [V].  
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Figure 11. 2-methyl tetrahydrofuran 

1.3.6 Methoxycyclopentane 

Methoxycyclopentane (CPME) is a cyclic ether with a structure presented in figure 12. It is a 
highly hydrophobic solvent with a low peroxide formation tendency, making it a potential sol-
vent for liquid-liquid extraction. Main reaction routes are through the methylation of cyclo-
pentanol or addition of methanol to cyclopentene.  CPME has been reported to have a narrow 
explosion range and a good stability in both acidic and basic conditions. Majority of CPME is 
currently utilized in organic synthesis as a solvent with some additional applications in extrac-
tion, polymerization and crystallization. Suggested uses for it have been to replace tetrahydro-
furan, 2-MTHF or MTBE in various applications as solvent due to its characteristics. 11 

CPME can also be produced from furfural and can be therefore considered a “green” solvent. 
The relatively high boiling point (106 C) also makes it an interesting solvent for the biphasic 
reactor concept. Binary solvent+water LLE range was extended with novel data from 286 to 
343 K and novel ternary furfural LLE data in aqueous mixtures was measured [IV]. Addition-
ally, ternary acetic acid data was measured in aqeueous mixtures along with novel quaternary 
data with both furfural and acetic acid in aqueous solutions [V]. 
 

 

Figure 12. Cyclopentyl methyl ether 
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1.4 Liquid-liquid extraction 

Liquid-liquid extraction refers to a unit operation, in which a stream consisting of a carrier, for 
example water, and the solute is mixed with a solvent, for example an organic compound, to 
facilitate the transfer of the desired chemical (solute) from the feed into the extract. Typical 
solvents are such, that their boiling points are either considerably higher, or considerably lower 
than that of the desired chemical. The extract, consisting of the solvent and the desired chem-
ical, is then lead to a distillation column, in which the solvent is separated from the desired 
chemical and then recycled back into the extraction unit. Figure 13 presents a typical liquid-
liquid extraction process. 
 

 

Figure 13. Schematic of a typical liquid-liquid extraction unit with Furfural as the desired chemical 

The most energy intensive process step of the unit operation is naturally the distillation / 
regeneration column, in which the extract must be heated to a boiling point where either the 
solvent or the desired chemical is evaporated. The energy requirements of the treatments for 
the extract and raffinate flows depends, among other things, on the feed rate, physical proper-
ties and column specifications. The separation is based on the distribution of the desired chem-
ical between the organic and the aqueous phase, which can be assessed through the measure-
ment of liquid-liquid equilibria between these components. While the energy intensiveness of 
the process can be assessed partially through the boiling point of the solvent, other criteria are 
to be considered too. Such criteria encompass the required amount of the solvent, the price of 
the solvent compared to the price of the product and the loss of the solvent in the wastewater 
stream. The suitability of a solvent for the extraction process is a multi-criteria problem, in 
which the impurities of the feed, the energy and material costs and the distribution coefficient 
of furfural must be taken into consideration. 

 

1.5 Biphasic reactor 

A biphasic reactor is a novel reactor type, in which the reaction medium has two phases. The 
reaction often takes place in one phase while the product is then transferred to the second 
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phase. This allows more of the raw materials to be consumed as the reaction equilibrium is not 
met and the product concentration is kept low in the phase, where the reaction takes place. 
There has been interest in a concept of a biphasic reactor to be utilized in bio-refineries, one 
which has the aqueous xylose rich stream as a raw material feed and a solvent loop system 
consisting of a solvent, which is insoluble, or at the very least has very low solubility in water, 
that constantly extracts the produced furfural from the aqueous reaction media. This system 
essentially combines a reactor and the liquid-liquid extraction systems and the benefit of such 
a system would be, that the various reactions the product, for example furfural, undergoes dur-
ing a standard reactor holdup would be diminished. The product would be extracted from the 
aqueous reaction media continuously and the solvent stream regenerated to provide a pure 
solvent stream and a pure furfural stream. The benefits of such a system are twofold: on one 
hand, it drives the equilibrium reaction towards furfural, as furfural concentraton in the aque-
ous phase is low. On the other hand, it helps prevent furfural oxidation reactions as it can be 
removed from high temperature faster. Figure 14 illustrates a simplified biphasic reactor con-
cept. 

 

 

Figure 14. Simplified biphasic reactor concept 

Weingarten et al. 12 have investigated the possibility of using methyl isobutyl ketone (MIBK) 
as a solvent for furfural production with microwave heating solution. In their studies the de-
composition of furfural was lower in the organic phase and the conversion of furfural consid-
erably higher than in their single-phase reference experiment. Our own studies [I] on MIBK 
and tert-amyl alcohol showed, that the extraction capability of MIBK does reach high selectiv-
ities even at temperatures of 401 K. Chen et al. 13 studied the use of tetrahydrofuran (THF) as 
a solvent in the production of 5-hydroxymethylfurfural (HMF) using a biphasic reactor with 
solid acid catalysts. Both groups report considerable increases in the yields of products in the 
systems. Chen et al. 13 also reported that the organic solvent phase was recycleable relatively 
easily and directly reusable. 
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The potential of biphasic reactors is considerable in the future production of bio-compo-
nents; however, the selection of a suitable solvent is paramount in these processes as well.  The 
study of the liquid-liquid equilibria between the potential solvents and the aqueous furfural 
solution allows the accurate comparison of different solvent options, which is the ultimate goal 
of this dissertation. 

2. Phase equilbria 

Phase quilibria, along with mechanical and thermal equilibrium, is something that any system 
inherently works towards and aims to fulfill. It refers to a composition balance between two or 
more distinct phases in thermodynamic and thermal equilibrium within an enclosed system. 
It is most typically categorized as as liquid-liquid (LLE), solid-liquid (SLE), solid-vapor (SVE), 
vapor-liquid (VLE) or vapor-liquid-liquid (VLLE).  

Liquid-liquid equilibria refers to the balance of two liquid phases present within a system at 
a certain fixed temperature and pressure.14 VLLE is a special case, where both liquid-liquid 
equilibria and vapor-liquid equilibria have an effect. It refers to a system where the boiling 
point of an azeotrope is within the LLE envelope and a three-phase system is obtained. Solid-
liquid and solid-vapor equilibrias are not taken into consideration in the scope of this work. 

Systems with liquid-liquid equilibria must have two or more components and the most tra-
ditional case is that these two phases are organic and aqueous. Additional components within 
the system will then separate between these two phases based on their physical properties but 
may also dissolve, causing the observed LL-spilt to disappear. The study of liquid-liquid equi-
libria is an integral part of liquid-liquid extraction unit operations, as these operations are 
based on the efficient distribution of a wanted(solute) component between the two phases.  

This chapter will present the thermodynamic principles behind phase equilibria, how the 
data is generally represented and interpreted and how the efficiency of extraction systems can 
be compared from a pure equilibrium point of view, without considering equipment limita-
tions. 

2.1 Thermodynamic principles 

In any such system, where two or more phases exist, there are thermodynamic principles which 
can be used to explain the existing conditions within the system. In traditional physical chem-
istry, the equilibrium between two phases is often expressed through Gibbs energy or chemical 
potential. The possible change in Gibbs energy can be seen as the maximum work that can be 
obtained from a system15. In a closed system at any state, where at a fixed temperature and 
pressure are present and no work is therefore carried out, the Gibbs energy is at its minimum. 
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At such a state, the net mass transfer between the phases of the system is zero, i.e. they are in 
equilibrium. 16 

In such a system, the Gibbs energy is represented by eq (2-1) 
 

𝑑𝑑𝐺𝐺 = 𝑉𝑉𝑑𝑑𝑃𝑃 − 𝑆𝑆𝑑𝑑𝑇𝑇 (2-1) 
 
Minimization of Gibbs energy is one method to determine the equilibrium concentrations of 

different phases. It is carried out by minimizing equation (2-2). Minimization of the total Gibbs 
energy of the system aims to find the minimum total Gibbs energy while satisfying the mass 
balance of the system. Gibbs energy minimization method takes reactions within the phases 
into account and can therefore be very useful in many cases.  

 

𝐺𝐺 = ���𝑛𝑛𝑖𝑖𝑘𝑘
𝑛𝑛𝑐𝑐

𝑖𝑖=1

�𝑔𝑔𝑘𝑘
𝑛𝑛𝑝𝑝

𝑘𝑘=1

 (2-2) 

 
Often in chemical engineering, a reaction is not present, and a function of Gibbs energy 

known as fugacity is used to express this equilibrium. At a system of one or more components 
in equilibrium, the fugacities of a component in two different phases are always equal, i.e. 

 
𝑓𝑓𝑖𝑖𝛼𝛼 = 𝑓𝑓𝑖𝑖

𝛽𝛽 (2-3) 

 
α and β can represent any number of phases (vapour, liquid or solid).  Fugacities can be fur-

ther described through fugacity coefficients, through activity coefficients or through a mixture 
of these two.  

2.1.1 Fugacity and fugacity coefficient 

Fugacity coefficient and fugacity can be expressed in various ways. One such method is to use 
different solubility models to express the solubility of a component from gas to liquid.17 One 
such often-used expression is Henrys Law18, where the fugacity is expressed through the 
Henry’s Law coefficient, Hi, which is dependent on pressure and temperature. 

 
𝑓𝑓𝑖𝑖 = 𝑥𝑥𝑖𝑖 ∙ 𝐻𝐻𝑖𝑖 (2-4) 

 
 Fugacity can also be expressed as eq (2-5) 
 

𝑓𝑓𝑖𝑖 = 𝑦𝑦𝑖𝑖 ∙ 𝑝𝑝 ∙ 𝜙𝜙𝑖𝑖 (2-5) 
 
 where ϕi represents the fugacity coefficient of a component i. Fugacity coefficient in a vapour 

phase can considered to be the relation between fugacity and the partial pressure of the com-
ponent i, i.e. 

 

𝜙𝜙𝑖𝑖𝑉𝑉 =
𝑓𝑓𝑖𝑖𝑉𝑉

𝑝𝑝𝑖𝑖
=

𝑓𝑓𝑖𝑖𝑉𝑉

𝑦𝑦𝑖𝑖 ∙ 𝑝𝑝
 (2-6) 
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Fugacity coefficients can be determined through different equations of state and can be uti-
lized for both liquid and vapour phases. Most traditional equations of state are cubic equations, 
i.e. third degree polynomial equations with respect to physical properties of the component, 
known as Soave-Redlich-Kwong19 and Peng-Robinson20, the fifth degree polynomial known as 
Lee-Kesler21 and various viral equations for gases and vapours. One such virial equation is 
Hayden O’Connell22, which was used in this work with chemical theory for the representation 
of the vapour phases present in literature data used as well as the behaviour of acetic acid.  

2.1.2 Activity & activity coefficient 

The activity of a component is equal to the mole fraction of a component in an ideal solution. 
It can be further defined as a function of fugacity as seen in eq (2-7) 

 
 

𝑎𝑎𝑖𝑖 =
𝑓𝑓𝑖𝑖
𝑓𝑓𝑖𝑖0

= �
𝑓𝑓𝑖𝑖
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖

� 𝑥𝑥𝑖𝑖 (2-7) 

 
where superscript 0 refers to the standard state and superscript id to ideal solution. Fugacity 

can be expressed through the activity coefficient, 𝛾𝛾𝑖𝑖, which represents the non-ideality of a liq-
uid-phase in a system. It is expressed as eq (2-8) and can be related to activity as eq (2-9)  

 

𝛾𝛾𝑖𝑖 =
𝑓𝑓𝑖𝑖
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖

=
𝑓𝑓𝑖𝑖
𝑥𝑥𝑖𝑖𝑓𝑓𝑖𝑖0

 (2-8) 

 
𝑎𝑎𝑖𝑖 = 𝛾𝛾𝑖𝑖 ∙ 𝑥𝑥𝑖𝑖 (2-9) 

 
General expression for fugacity in activity coefficient models is  
 

𝑓𝑓𝑖𝑖 = 𝑥𝑥𝑖𝑖 ∙ 𝛾𝛾𝑖𝑖 ∙ 𝜙𝜙𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑃𝑃𝑃𝑃𝑌𝑌𝑖𝑖 ∙ 𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (2-10) 
 

𝑃𝑃𝑃𝑃𝑌𝑌𝑖𝑖 = exp�
𝑉𝑉𝑚𝑚,𝑖𝑖

𝑅𝑅 ∙ 𝑇𝑇
𝑑𝑑𝑝𝑝

𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

𝑝𝑝𝑖𝑖
 (2-11) 

 
When pressure is low, the saturated phase fugacity coefficient and POY both approach 1 and 

the expression simplifies to the generally used one 
 

𝑓𝑓𝑖𝑖 = 𝑥𝑥𝑖𝑖 ∙ 𝛾𝛾𝑖𝑖 ∙ 𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (2-12) 
 
The activity coefficient can be calculated with various models, such as UNIFAC23, NRTL24 or 

UNIQUAC25.  
Using the fugacity equations together with the activity coefficients, an expression tying va-

pour and two liuid phases (α and β) together can be derived and is presented in in eq (2-13). 
 

�𝑥𝑥𝑖𝑖 ∙ 𝛾𝛾𝑖𝑖 ∙ 𝜙𝜙𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑃𝑃𝑃𝑃𝑌𝑌𝑖𝑖 ∙ 𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠�
𝛼𝛼 = �𝑥𝑥𝑖𝑖 ∙ 𝛾𝛾𝑖𝑖 ∙ 𝜙𝜙𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑃𝑃𝑃𝑃𝑌𝑌𝑖𝑖 ∙ 𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠�

𝛽𝛽 = 𝑦𝑦𝑖𝑖𝑉𝑉 ∙ 𝜙𝜙𝑖𝑖𝑉𝑉 ∙ (2-13) 
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Use of eq (2-13) ties the activity coefficients of the liquid phases to the fugacity coefficient of 
the vapour phase, which in turn leads to regressed model parameters that fulfil not only LLE 
but also VLE conditions. 

2.2 Representation of the data 

A system with two components can typically be presented as a figure with temperature as a 
function of molar or mass fraction and ternary systems are presented in an equilateral triangle, 
or with a right triangle, with a single isotherm per dataset. The data can be either tie-line data 
or cloud point data. Cloud point data does not show equilibrium concentrations, but instead 
only the phase boundary of a system. Tie-line data is used to present the equilibrium behaviour 
of a component and to show how the desired chemical is distributed between the two phases.  

One way to measure the data is to take a sample from both of the phases in a liquid-liquid 
equilibrium experiment at the same time and analyse these samples. The obtained data repre-
sents the mass fractions of all components within the phase at a certain composition, temper-
ature, and pressure. With the obtained data, it is possible to develop a model or regress model 
parameters to allow calculation of the equilibria at any given concentration. 

 Tie-line data also allows for the calculation of the distribution coefficients and selctivities of 
a component within the system. An example of a binary system is presented in Figure 15 and 
an example of a ternary system in equilateral triangle in Figure 16 and as a right triangle in 
Figure 17.  

 
 

 

Figure 15. Example of a binary LLE diagram with mass fractions of CPME + Water [IV] 
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Figure 16. Example of a unilateral triangle shaped 
ternary LLE diagram with mass percentages of 
CPME + Furfural + Water [IV] 

 

Figure 17. Example of a right triangle shaped ternary 
LLE diagram with mass percentages of CPME + 
Furfural + Water [IV] 

The ternary and binary figures present an area where a liquid-liquid split exists. In the case 
of CPME seen here, the area between the data sets presented by the red symbols is where this 
split exists. Outside the area, at origo and near the 1-sum(xi) line, i.e. in high fractions of either 
solvent or water, the split disappears and only one liquid phase is present.   

2.3 Distribution coefficient & Selectivity 

One method to assess the suitability of a solvent for the use in extraction unit operations is 
through the calculation of the distribution coefficients of a desired component in a system as 
well as through the selectivity of the solvent towards the desired component. The distribution 
coefficient for a component i is calculated as mass or molar fractions through eq (2-14) and the 
selectivity compared to carrier j through eq (2-15). 

 

𝐾𝐾𝑖𝑖 =
𝑤𝑤𝑖𝑖,𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠

𝑤𝑤𝑖𝑖,𝑒𝑒𝑠𝑠𝑟𝑟𝑟𝑟𝑖𝑖𝑛𝑛𝑠𝑠𝑠𝑠𝑒𝑒  
=

𝑥𝑥𝑖𝑖,𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠
𝑥𝑥𝑖𝑖,𝑒𝑒𝑠𝑠𝑟𝑟𝑟𝑟𝑖𝑖𝑛𝑛𝑠𝑠𝑠𝑠𝑒𝑒

 (2-14) 

 

𝑆𝑆𝑖𝑖 =
𝐾𝐾𝑖𝑖
𝐾𝐾𝑖𝑖

 (2-15) 

 
The calculated distribution coefficients and selectivities are plotted as a function of the mass 

fraction of the desired component in the raffinate phase. This allows for the assessment of the 
solvent suitability in various processes. High distribution coefficients lead to lower solvent de-
mands and high selectivity shows that the desired components end up in the appropriate 
streams and the carrier does not dissolve into the extract stream.  

Example of the distribution coefficient figure is presented in Figure 18 and an example of the 
selectivity graph is presented in Figure 19 for furfural in a ternary system consisting of water 
and CPME. 
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Figure 18. Example of the distribution coefficient of furfural in a ternary system consisting of CPME + Furfural + 
Water [IV] 

 

Figure 19. Example of the selectivity of furfural in a ternary system consisting of CPME + Furfural + Water [IV]  
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3. Methods & Modeling 

This chapter presents the measurement apparatus used for the experimental work conducted 
within this thesis. In addition, the analysis setup of the gas chromatograph used in analysis is 
presented and the methodology behind the analysis of the samples is explained. Finally, un-
certainty calculation for the data is explained along with an explanation of the thermodynamic 
models, UNIQUAC and Hayden O’Connell, used to represent the experimental data. 

Measurement of the LLE data can be done with various methods. Some of the data present 
in literature is measured through a method called cloud-point measurement, in which an aque-
ous mixture can titrated with the organic solvent to determine the solubility curve of the system 
in various compositions. The measurement provides information on the boundaries of the LLE 
area, however modeling based on pure cloud-point data is challenging, as equilibrium compo-
sitions are not given. Our measurements used an analytical method, where a mixture is pre-
pared into a cell and mixed thoroughly. The two liquid phases are then sampled and analyzed. 

3.1 Apparatus 

The data for the publications were measured using two different experimental apparatus. The 
temperatures below 353 K were measured in a glass cell apparatus [I] and those above 353 K, 
or the boiling points of the mixture at atmospheric pressure, were measured in a stainless-steel 
cell apparatus [I]. 

3.1.1 Glass Cell apparatus 

The apparatus used in publications I to V consisted of four glass cells thermostated by a Lauda 
E200 thermal water bath. The water used to heat the cells is circulated in the outer jacket of 
the cells, which are connected in series. To obtain temperaures lower than room temperature, 
a cooling coil was used within the bath. The design of the measurement setup is presented in 
Figure 20.  
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Figure 20. Glass cell apparatus [II] 

Each cell has three sampling points with septum connections and the samples from the cells 
were drawn with a Hamilton Sample-Lock syringe26. The cells were mixed for at least 30 min 
and allowed to settle for at least 30 min in each temperature prior to sampling to make sure of 
proper mixing. The absence of droplets in both phases was also verified visually prior to sam-
pling. The mixing was executed via three methods; main method is the rocking action of the 
cell, a magnetic stirrer that was freely flowing inside the cell and agitating the liquid as well as 
a metallic mesh that helped with breaking the formed droplets and subsequently increase the 
diffusion area. The structure of the cells and the relatively small sample size allow for accurate 
and rapid measurements of up to four isotherms for a single composition in a cell within a day. 

The temperatures of the leaving and returning heating liquid were measured with two PT-
100 sensors connected to a Nokeval display unit. Each probe was calibrated using a F-200 
thermometer which was calibrated at the Finnish Metrology Center (MIKES), the holder of the 
national measurement standard. A correlation was developed with the help of a calibrated F-
200 thermometer with 4 PT-100 sensors to estimate the internal temperatures of the cells from 
the heating liquid temperature. For this method, each cell was filled with water to a similar 
volume as when running measurements and one of the F-200 connected PT-100 sensors was 
inserted into the liquid through the septum connections. The temperature of the cell contents 
was measured in each cell along with the temperature of the heating water as during normal 
operation. This allows for approximation of the individual cell temperatures from the feed and 
outlet temperatures of the heating media flow. 

3.1.2 Stainless Steel Cell apparatus 

The apparatus consisted of a JEFRI DBR air circulation oven, a pressure and a temperature 
transducer, sample line coolers and the stainless-steel cell with two windows for observation. 
It was used in the first publication (I). A magnetic stirrer was used in the mixing of the liquids 
in the cell. The Lyth pressure transducer connected to a Rosemount pressure meter utilized oil 
for pressure transmittance to allow for the electronics to be kept outside the oven. It was cali-
brated for the effect of temperature on the oil. The measurement setup is presented in Figure 
21.  
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Figure 21. Stainless Steel Cell apparatus [I] 

The cell was equipped with two sapphire windows, one on both sides of the cell, and the cell 
was filled so, that the interface between the two liquid layers was visible through the window. 
Filling of the cell was done by first evacuating the cell and then drawing the pre-prepared sam-
ple from a flask via a transfer line into the cell. The sampling was done by simply opening the 
sample line valves, as the pressure in the cell was always above atmospheric and pushed the 
samples out.  

3.2 Gas chromatography 

The samples from the two apparatus were analysed with an Agilent Technologies 6890N gas 
chromatograph using two different GC setups. The change from the first GC setup was made 
to facilitate more accurate analysis of the low solubility of the components in the articles [II] – 
[IV]. The GC analysis was based on the method of internal standard, in which a known mass 
of a standard solution is added to the sample and the measured peak of this known standard 
and predetermined response factors are used to calculate the masses of the other components 
in the sample. Response factors for the different components in relation to the utilized internal 
standard, acetone (S), were measured by preparing mixtures with acetone and two of the uti-
lized components (A and B), resulting in mixtures (S+A+B), (S+A+C) and (S+B+C). This pro-
vided a total of 10 points for each of the components in the calculation of the response factor. 
The average of all the calculated response factors of each component were used after checking 
that there were no points out of trend in the measurements. Eq (3-16) was used for the deter-
mination of each response factor. Eq (3-17) was used to calculate the mass of each component 
in the mixture from the obtained GC graphs and the calculated masses were used to obtain the 
mass fractions with eq (3-18). 
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𝐹𝐹 = 𝐹𝐹𝑠𝑠𝑠𝑠𝑖𝑖 ∙
𝐴𝐴𝑠𝑠𝑠𝑠𝑖𝑖
𝐴𝐴𝑖𝑖

∙
𝑚𝑚𝑖𝑖

𝑚𝑚𝑠𝑠𝑠𝑠𝑖𝑖
 (3-16) 

 

𝑚𝑚𝑖𝑖 =
𝐹𝐹𝑖𝑖 ∙ 𝐴𝐴𝑖𝑖

𝐹𝐹𝑠𝑠𝑠𝑠𝑖𝑖 ∙ 𝐴𝐴𝑠𝑠𝑠𝑠𝑖𝑖
∙ 𝑚𝑚𝑠𝑠𝑠𝑠𝑖𝑖   (3-17) 

 

𝑤𝑤𝑖𝑖 =
𝑚𝑚𝑖𝑖

𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑖𝑖 +𝑚𝑚𝑘𝑘
  (3-18) 

 
Calculations assumed the response factor for the standard (Fstd) to be 1. Samples for MIBK 

and TAA [I], MTBE [II] and TAME [III] were analysed with two columns of different charac-
teristics. The sample was fed through the inlet into a quartz y-piece, which split the sample into 
two columns. A 28 m long DBWaxETR column was connected to the thermal conductivity de-
tector and a 30m HP-5 column was connected to the flame ionizing detector. The DBWaxETR 
column is more suitable for the separation of polar compounds, including water, which makes 
its use for TCD an optimal choice in these analyses. The HP-5 a non-polar column suitable for 
the separation of less polar components. Figure 22 presents the GC setup before the [IV] arti-
cle. 

 

 
Figure 22. The first GC setup 

 
During the analysis of the samples for article [IV], it was noted that the split of the inlet flow 

caused by the quartz y-piece dropped the flow of some components close to the detection limit, 
which resulted in detection problems in the aqueous phase for the organic components and 
vice-versa. The setup was reconsidered and updated to use only the DBWaxETR column with 
the two detectors connected in series (TCD -> FID) . Figure 23 presents the new GC setup. 
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Figure 23. The second GC setup 

 
The GC program was set up with temperature ramps to facilitate efficient separation of the 

components with various boiling points and speed up the analysis. Programs were altered 
slightly for each mixture to ensure efficient peak separation.  
 

3.3 Uncertainty estimation 

Measurement uncertainty is of paramount importance in accurate reporting of scientific re-
sults. The method used in the data presented here is based on the partial differentiation of all 
relevant equations and the estimation of uncertainties for the directly measured variables. The 
samples were prepared using a Precisa 410AM-FR analytical balance, for which the manufac-
turer reported uncertainty was u(m) = 0.002 g. The uncertainty of the peak areas was obtained 
by running each of the prepared binary mixtures in the GC 5 times and calculating the average 
deviation of the peak area of each component from the mixtures. Using the average deviation 
and the average peak area for each standard the relative error for the peaks was calculated. The 
calculation for the uncertainty of the peak area is presented in eq (3-19). 

 

∆𝐴𝐴𝑖𝑖 =
∑ �

∆𝐴𝐴𝑠𝑠𝑎𝑎𝑒𝑒𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒,5 𝑒𝑒𝑟𝑟𝑛𝑛𝑠𝑠,𝑠𝑠𝑠𝑠𝑚𝑚𝑝𝑝𝑠𝑠𝑒𝑒 𝑖𝑖
𝐴𝐴𝑠𝑠𝑎𝑎𝑒𝑒𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒,5 𝑒𝑒𝑟𝑟𝑛𝑛𝑠𝑠,𝑠𝑠𝑠𝑠𝑚𝑚𝑝𝑝𝑠𝑠𝑒𝑒 𝑖𝑖

�5
𝑖𝑖=1

5
∙ 𝐴𝐴𝑖𝑖 

(3-19) 

 
The uncertainty of the response factors was calculated by taking a partial differentiative for 

eq  (3-16) with respect to the mass of both the standard and the component i, as well as the 
peak areas of both standard and the component i. The equation is presented in eq (3-20). 
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∙ ∆𝐴𝐴𝑠𝑠𝑠𝑠𝑖𝑖�
2

  (3-20) 

 
The uncertainty of the mass of a component was calculated by partial differentiation of eq 

(3-17) as presented in eq (3-21) and the uncertainty of the mass fraction reported was calcu-
lated by partial derivation of eq (3-18) as seen in eq (3-22). 
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  (3-21) 
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  (3-22) 

 
The uncertainties obtained through the partial derivatives take into account different uncer-

tainties in the measurement and assume that all happen simulatenously, leading to the highest 
possible uncertainty with the utilized equipment. The uncertainty of the reported temperature 
was calculated   

3.4 Thermodynamic models 

The measured data is utilized to regress the parameters needed for thermodynamic modelling. 
For the measurements within this thesis, the model of UNIQUAC-Hayden O’Connell was cho-
sen, as it represents the aqueous/organic interactions well and can therefore take in to account 
the dimerization of the acetic acid in the vapour phase. 

UNIQUAC was used as the model of the activity coefficients in the liquid phase and the binary 
interaction parameters required for accurate modelling were regressed based on the binary 
mixture LLE and VLE data, both measured and those found in literature. The fit of the binary 
interaction parameters was evaluated by running the model with the measured ternary and 
quaternary data and a good fit was found in all cases. Hayden O’Connell with chemical theory 
allows for the accurate determination of the vapor phase fugacities, which in turn allows for 
the modelling of the regeneration of the solvent mixtures in a distillation column.  

3.4.1 UNIQUAC 

 
The UNIversal QUAsiChemical (UNIQUAC) model was developed by Abrams and Prausnitz25 
and has later been extended by various authors. The model uses two contributions to represent 
the activity coefficient of a compound, the residual and the combinatorial contribution, as seen 
in eq (3-23).  

 
ln 𝛾𝛾𝑖𝑖 = ln 𝛾𝛾𝑖𝑖𝐶𝐶 + ln 𝛾𝛾𝑖𝑖𝑅𝑅  (3-23) 
 

The combinatorial contribution is based purely on the pure component parameters, and the 
residual contribution takes into account the binary interaction parameters, which in turn are 
regressed from measured data. Additionally, pure component properties are needed for each 
component. These properties include the volume parameter r and the surface area parameter 
q for UNIQUAC. The residual contribution is expressed by eq (3-24) and the combinatiorial 
contribution by eq (3-25).  

 

ln 𝛾𝛾𝑖𝑖𝑅𝑅 = 𝑞𝑞𝑖𝑖 ∙ �1 − ln
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∑ 𝑞𝑞𝑖𝑖𝑥𝑥𝑖𝑖𝑖𝑖
−�

𝑞𝑞𝑖𝑖𝑥𝑥𝑖𝑖𝜏𝜏𝑖𝑖𝑖𝑖
∑ 𝑞𝑞𝑘𝑘𝑥𝑥𝑘𝑘𝜏𝜏𝑘𝑘𝑖𝑖𝑘𝑘𝑖𝑖

� (3-24) 
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��  (3-25) 

 
The variables Vi and Xi are given by eq (3-26) and (3-27) respectively and the temperature 

dependence of the residual contribution, τij and τkj are given by eq (3-28). 
 

𝑉𝑉𝑖𝑖 =
𝑜𝑜𝑖𝑖

∑ 𝑜𝑜𝑖𝑖𝑥𝑥𝑖𝑖𝑖𝑖
  (3-26) 

 

𝑋𝑋𝑖𝑖 =
𝑞𝑞𝑖𝑖

∑ 𝑞𝑞𝑖𝑖𝑥𝑥𝑖𝑖𝑖𝑖
  (3-27) 

 

𝜏𝜏𝑖𝑖𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑖𝑖 +
𝐵𝐵𝑖𝑖𝑖𝑖
𝑇𝑇

+ 𝐶𝐶𝑖𝑖𝑖𝑖 ln(𝑇𝑇) + 𝐷𝐷𝑖𝑖𝑖𝑖𝑇𝑇 +
𝐸𝐸𝑖𝑖𝑖𝑖
𝑇𝑇2

  (3-28) 

 
Parameters r and q are pure component parameters readily available for most of the studied 

components in component databases in simulator programs. For CPME the parameters were 
not available and were regressed using the UNIFAC group contribution method. Parameters 
for the binary interaction between TAA and HAc as well as MIBK and HAc were regressed 
based on VLE data available in literature. Parameters Cij and Eij were left unregressed to pre-
vent overmodeling of the systems. The regressed binary interaction parameters for all studied 
components are presented in tables Table 1 to Table 3. 

 
Table 1. Regresed UNIQUAC binary interaction parameters for furfural 

component i Furfural Furfural Furfural Furfural Furfural Furfural Furfural Furfural 
component j Water  HAc MIBK TAA MTBE TAME CPME 2-MTHF 

Aij -4.02768 -1.5780 -0.12154 0.86010 0 0.3131 0 0 
Aji 0.02669 1.2100 0.04808 -0.10606 0 -0.5816 0 0 
Bij 68.51970 689.7579 -84.09120 -249.36674 41.8421 -50.1292 -42.7337 -310.6116 
Bji 108.27900 -644.5795 28.89310 -171.47340 -205.3133 -39.2688 -113.9876 153.9996 
Dij 0.01062 0 0 0 0 0 0 0 
Dji -0.00243 0 0 0 0 0 0 0 

 
 
 

Table 2. Regresed UNIQUAC binary interaction parameters for acetic acid 

component i HAc HAc HAc HAc HAc HAc HAc 
component j Water  MIBK TAA MTBE TAME CPME 2-MTHF 

Aij 5.3635 -2.3781 0.7498 -2.3781 0.7498 3.0545 12.3514 
Aji 0.0462 1.0391 -3.8465 1.0391 -3.8465 -14.5319 48.0788 
Bij -2413.0124 -16.5162 14.1299 -16.5162 14.1299 -185.5848 -1558.9421 
Bji 235.4490 -14.0740 719.8953 -14.0740 719.8953 1732.2803 -9831.8673 
Dij 0 0 0 0 0 -0.0052 0 
Dji 0 0 0 0 0 0.0226 0 

 
 
 

Table 3. Regresed UNIQUAC binary interaction parameters for water 

component i Water Water Water Water Water Water 
component j MIBK TAA MTBE TAME CPME 2-MTHF 

Aij -1.68715 -2.14146 3.0685 -1.931 2.1730 -3.0060 
Aji 1.56395 0.60866 -24.6080 -0.4524 -2.8497 4.9312 
Bij 372.45320 515.83626 -101.6570 474.5 -1170.5043 -434.1937 
Bji -882.08360 -199.38564 2717.7500 -481.5 704.4311 -388.4245 
Dij 0.00055 -0.00004 -0.0097 0 0 0.0093 
Dji -0.00041 0.00011 0.0450 0 0 -0.0116 
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3.4.2 Hayden O’Connell 

The fugacity coefficient model by Hayden O’Connell22 was developed in 1975 and has been ex-
tended by other authors afterwards. The model incorporates the dimerization theory and al-
lows for accurate vapor phase analysis within the process simulator. The model is based on the 
pure component parameters and the binary η-parameters available in the simulators. The η-
parameters are available for most of the components in either the Aspen Plus database, 
Prausnitz et al.27 or Danner et al.28, however for some of the less studied components this pa-
rameter is not available and needs to be estimated. For the case of TAA, we utilized the param-
eters of t-BuOH and for MTBE and TAME, the parameters of diethyl-ether were used based on 
chemical similarity. 
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4. Results & Comparison 

The studied systems and the results of the experimental work and the thermodynamic model-
ling of the data are presented in this chapter. The solvents are additionally compared for their 
ability to selectively extract furfural from an aqueous mixture containing only furfural as well 
as furfural and acetic acid through distribution coefficients. 

4.1 Binary systems 

The accurate information on the solubility of the solvents with water is of paramount im-
portance, as high solubility increases solvent quantity in the raffinate stream and therefore the 
potential losesses for the solvents. Binary systems were therefore measured for the systems of 
MIBK+water [I], TAA+water [I], MTBE+water [II], TAME+water [III], CPME+water [IV] and 
2-MTHF+water [IV]. These systems are presented and compared against literature values in 
Figure 24 to Figure 29. 
       

 

 
Figure 24. MIBK(1)+water(2) binary measure-
ments with literature data [I] 

 

Figure 25. TAA(1)+water(2) binary measure-
ments with literature data [I] 
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Figure 26. MTBE(1)+water(2) binary measure-
ments with literature data [II] 

 

Figure 27. TAME(1)+water(2) binary measure-
ments with literature data [III] 

 

Figure 28. CPME(1)+water(2) binary measure-
ments with literature data [IV] 

 

Figure 29. 2-MTHF(1)+water(2) binary meas-
urements with literature data [IV] 

The measured data and the modelled systems all correspond to the literature data well with 
small discrepancies in the case of TAME and CPME. For CPME the discrepancies could be 
explained by the unclarity of the measurement methods in some of the other literature data. 
As for the regressed parameters, the model overpredicts the water amount in the organic phase 
for TAME, potentially resulting in distorted simulation results. 

4.2 Ternary systems 

Ternary systems for furfural+solvent+water were measured for MIBK [I], TAA [I], MTBE [II], 
TAME [III], CPME [IV] and 2-MTHF [IV]. These ternary systems are presented in Figure 30 
to Figure 35 respectively.  
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Figure 30. MIBK(1)+furfural(2)+water(3) ternary measurements [I] 
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Figure 31. TAA(1)+furfural(2)+water(3) ternary measurements [I] 
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Figure 32. MTBE(1)+furfural(2)+water(3) ternary measurements [II] 
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Figure 33. TAME(1)+furfural(2)+water(3) ternary measurements [III] 
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Figure 34. CPME(1)+furfural(2)+water(3) ternary measurements [IV] 
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Figure 35. 2-MTHF(1)+furfural(2)+water(3) ternary measurements [IV] 

Ternary systems were also measured for acetic acid+solvent+water mixtures with MTBE [II], 
TAME [III], CPME [V] and 2-MTHF [V]. An additional set for furfural+acetic acid+water was 
measured to add more reference data in additional temperatures on this system [V]. The acetic 
acid ternaries are presented in figures Figure 36 to Figure 39. 
 

 

 

Figure 36. MTBE(1)+HAc(2)+water(3) ternary measurements [II] 
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Figure 37. TAME(1)+HAc(2)+water(3) ternary measurements [III] 

 

Figure 38. CPME(1)+HAc(2)+water(3) ternary measurements [V] 
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Figure 39. 2-MTHF(1)+HAc(2)+water(3) ternary measurements [V] 

The ternary system for furfural+acetic acid+water is presented in Figure 40. Sometimes, when 
fitting parameters for a dataset, accuracy of one system suffers when others are taken in to 
account. This can be seen in the dataset for furfural+acetic acid+water, as parameters were fit 
for this dataset using both binary and ternary LLE as well as binary VLE for the components. 
This results in some inaccuracy in the regressed parameter set. 
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Figure 40. Furfural(1)+HAc(2)+water(3) ternary measurements [V] 

Distribution coefficients and selectivites were calculated for all mixtures in ternary systems. 
CPME was the only solvent with distribution coefficients below 1 for acetic acid in a wide mass 
fraction range [V].  

The parameters based on binary interaction parameters prove to provide a good fit against 
the measured data for all the studied systems. In the case of MIBK and TAA, the higher tem-
perature isotherms reach the upper critical temperature of the solution and modelling this sce-
nario with a single set of parameters is challenging.  The model presents the correct behaviour 
in high temperatures in both systems, despite deviation from the data, and was therefore 
deemed to be adequate for the simulation of this system. In the case of the ternary system of 
furfural+acetic acid+water, there is a clear overprediction in the model, however due to the 
low amount of available literature data for this system, the model was deemed adequate.
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4.3 Quaternary systems 

Quaternary systems for furfural+acetic acid+solvent+water were measured for MTBE [II], 
TAME [III], CPME [V] and 2-MTHF [V]. The measured data is presented against the model 
prediction through Figure 41 to Figure 44. 

 

 
Figure 41. MTBE(1)+Furfural(2)+HAc(3)+water(4) quaternary measurements [II]. , Measured at 298 
K; , Measured at 307 K. 
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Figure 42. TAME(1)+Furfural(2)+HAc(3)+water(4) quaternary measurements [III]. , Measured at 
298 K; , Measured at 322 K;  , Measured at 342 K. 
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Figure 43. CPME(1)+Furfural(2)+HAc(3)+water(4) quaternary measurements [V]. , Measured at 298 
K; , Measured at 322 K;  , Measured at 342 K. 
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Figure 44. 2-MTHF(1)+Furfural(2)+HAc(3)+water(4) quaternary measurements [V]. , Measured at 
298 K; , Measured at 322 K;  , Measured at 342 K. 
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The presented figures show, that in most of the quaternary cases, the model predicts all weight 
fractions correctly. There is a deviation in the case of 2-MTHF for water in both the aqueous 
and the organic phase, and a similar deviation can be seen in both MTBE and TAME quater-
naries as well. Such issues are to be expected when fitting multicomponent systems, however 
the regressed parameters provide a realistic view of the behaviour of the systems. 

Deviations in regressed parameters vs experimental work can, and will, cause issues when 
developing process simulations or analysing feasibility of solvents in industrial scale. Minor 
differences in solvent amounts towards the raffinate can cause solvent escape over time and 
vice-versa, minor amounts of water in solvent streams can increase solvent regeneration costs 
or cause accumulation of impurities in solvent recycle. These differences can also be observed 
if distribution coefficients or selectivities are calculated for the modelled data using the re-
gressed parameters. If this kind of deviation is observed in the solute, the tie-line estimations 
or even simulation vs graphical analysis of required separation steps to have large variances. 
Additionally, changes in the plait point of the curves can cause the simulations to show a liquid-
liquid split in conditions where it is not really observed.  

4.4 Comparison of solvents 

For the comparison of the solvents, various points should be taken into consideration. Initially 
the comparison for binary water mixtures will be considered, then the distribution coefficients 
for both furfural and acetic acid in both the ternary and quaternary mixtures and finally the 
results of the process simulation are considered. For the binary comparison, the measured val-
ues from the published articles for all solvents are presented in Figure 45.  
 

 
Figure 45. Measured binary systems for solvent + water. , MIBK [I]; , TAA [I]; , MTBE [II]; , 
TAME [III]; , CPME [IV]; , 2-MTHF [IV] 

With the presented binary comparison of the solvents, it becomes evident, that CPME has 
the lowest miscibility in water out of all the studied solvents. However, this does not alone 
suffice for stating its supremacy over the other studied solvents. The assessment requires the 
study of the ternary systems and quaternary systems involving furfural and acetic acid. The 
distribution coefficients for all ternary systems are presented in Figure 46 and Figure 47. 
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Figure 46. Distribution coefficients for the studied ternary systems for solvent (1) + furfural (2) + 
water (3). , MIBK [I]; , TAA [I]; , MTBE [II]; , TAME [III]; , CPME [IV]; , 2-MTHF [IV] 

 

 

Figure 47. Distribution coefficients for the studied ternary systems for solvent + acetic acid + water. 
, MIBK29; , TAA30 (288 K, 313 K and 333 K); , MTBE [II]; , TAME [III]; , CPME [V]; , 2-

MTHF [V] 
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In the light of the ternary measurements, CPME seemed like the most suitable solvent. It has 

high distribution coefficients towards furfural and the lowest towards acetic acid.  Further 
analysis was carried out by comparing the selectivity of the solvents towards both furfural and 
acetic acid. The selectivites are presented in figures 48 and 49.  

 

 
Figure 48. Selectivity for furfural for the studied ternary systems for solvent (1) + furfural (2) + wa-
ter (3). , MIBK [I]; , TAA [I]; , MTBE [II]; , TAME [III]; , CPME [IV]; , 2-MTHF [IV] 

 
Figure 49. Selectivity for acetic acid for the studied ternary systems for solvent + acetic acid + wa-
ter. , MIBK29; , TAA30 (288 K, 313 K and 333 K); , MTBE [II]; , TAME [III]; , CPME [V]; , 2-
MTHF [V] 
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Selectivity comparison further shows, that high selectivity for furfural can be obtained by 

CPME as well as by TAME and MIBK. To further confirm the hypothesis for CPME suitability, 
quaternary data was measured with systems involving acetic acid. The measured quaternary 
data showed, that in all the cases the addition of acetic acid to the mixture decreased the effec-
tiveness of the solvent towards furfural extraction. 

To further assess the suitability of the parameters regressed in this work, four more figures 
were plotted to present the variance in the distribution coefficients and selectivities for the 
studied quaternary systems. Figure 50 presents the four studied quaternary systems and the 
two studied ternary systems and their respective furfural distribution coefficients and figure 
51 presents the same for quaternary systems with acetic acid. Figures 52 and 53 present the 
selectivities in each of the systems. 

 
Figure 50. Comparison of the modeled distribution coefficients for furfural in the the studied qua-
ternary (and ternary) systems against measured values. , MIBK (ternary) [I]; , TAA (ternary) [I];  

, MTBE [II]; , TAME [III]; , CPME [V]; , 2-MTHF [V] 

 

 
Figure 51. Comparison of the modeled distribution coefficients for acetic acid in the the studied 
quaternary systems against measured values. , MTBE [II]; , TAME [III]; , CPME [V]; , 2-
MTHF [V] 
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Figure 52. Comparison of the modeled selectivities for furfural in the the studied quaternary (and 
ternary) systems against measured values. The top left is a zoom of the 0-100 range. , MIBK (ter-
nary) [I]; , TAA (ternary) [I];  , MTBE [II]; , TAME [III]; , CPME [V]; , 2-MTHF [V] 

 

Figure 53. Comparison of the modeled selectivities for acetic acid in the the studied quaternary sys-
tems against measured values. , MTBE [II]; , TAME [III]; , CPME [V]; , 2-MTHF [V] 

Comparison of the modelled coefficients for both desired components shows, that there is 
some deviation in the model. This is however to be expected, as the model takes into consider-
ation a wide range of temperatures and regresses parameters to best suit them all. It still can 
be seen though, that the parameters provide basic information and can be used to compare 
solvents prior to selecting suitable ones for further study and experimental testing. 

Additional considerations should be given towards boiling points of the solvents when com-
pared to those of furfural. All solvents studied here have a lower boiling point than furfural, 
leading to a clean solvent recycle, however also leading to various impurities remaining in the 
furfural product stream. This must be considered when using any of the proposed solvents. 

Out of the studied solvents, the most suitable for pure furfural extraction seems to be CPME. 
At low furfural concentrations, such as the ones usually seen in bio-refineries (~ 5 wt-%), 
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CPME has the highest distribution factors and is closely followed by MIBK and TAME. Selec-
tivities follow same trend. When only acetic acid separation is considered, 2-MTHF and TAA 
provide best distribution coefficients, however their selectivity is considerably lower than that 
of TAME and CPME. At higher temperatures TAA shows stronger potential. Liquid-liquid ex-
traction can be carried out at various temperatures, however in biphasic designs for furfural 
separation, higher temperatures above 150 °C can be seen12. As such and based on the work 
carried out here, CPME would be very suitable for low temperature extraction. For higher tem-
peratures and biphasic reactor considerations, additional data is needed. 
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5. Conclusions and suggestions for future work 

The increasing demand for green sources for energy and chemicals requires new ways to ex-
tract and utilize renewable sources. Wood and other biomass can yield a large quantity of high-
value chemicals if extracted efficiently. Furfural is seen as one of the potential platform chem-
icals for the green chemistry. Furfural is often present in dilute aqueous streams containing 
acetic acid and therefore requires effective separation processes, such as distillation or liquid-
liquid extraction.  

To this end, an extensive study of liquid-liquid equilibria (LLE) was carried out for both fur-
fural and acetic acid with a range of solvents. Binary, ternary and quaternary data was meas-
ured, and the data was modelled using UNIQUAC activity coefficient and HOC fugacity coeffi-
cient models. The measured data was compared to available literature data to validate its ac-
curacy, as well as the suitability of the experimental apparatus used. The utilized glass-cell ap-
paratus provides a rapid and effective method for the measurement and analysis of liquid-liq-
uid equilibria for temperatures below 80 °C. The experimental apparatus manufactured from 
stainless steel provided a possibility to measure novel LLE data at higher temperatures up to 
130 °C. 

The regressed parameters provide a good fit for majority of the data sets; however, some 
deviances were observed as discussed earlier. These differences in model-vs-experimental data 
can cause variance in use of the parameters for process development. As such, it is always rec-
ommended to re-check any simulated systems against experimental data where possible. In 
addition, discussed issues with furfural impurities remaining in the product stream should be 
considered if the raw material stream is a complex mixture.  

To tackle the questions raised above, I propose that further studies would be carried out with 
an extraction column to study the mass transfer limitations and other factors related to liquid-
liquid extraction. Extraction experiments should also be continued with an industrial source 
hydrolysate for a longer term to study the impurities and their accumulation. This work sug-
gests that CPME could be utilized for the selective extraction of furfural from an aqueous 
stream, however further studies should be conducted to confirm this hypothesis.  

Additionally, simulation work should be carried out to test various feed compositions and 
even expanded to a simulated hydrolysate solution, consisting of more components. This sim-
ulation work could also be extended to take in to account raw material and product stream 
costs for a more detailed analysis of the process economics.  
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