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Abstract 

The shift from fossil-based to renewable carbon sources has increased interest in 5-
hydroxymethylfurfural (HMF) and its oxidation product 2,5-furandicarboxylic acid (FDCA), a 
bio-based alternative to terephthalic acid used for the production of polyethylene furanoate 
(PEF). PEF is a novel bioplastic with properties similar to those of polyethylene terephthalate 
(PET). 

This work investigates the solubility behaviour of the key HMF oxidation intermediates 2,5-
diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA), 5-formyl-2-
furancarboxylic acid (FFCA), and FDCA in water, cyclohexanone, and methyl isobutyl ketone 
(MIBK), selected as benchmark solvents. Temperature and pH were identified as the principal 
variables affecting solubility; therefore, temperature was investigated over the range 298–333 
K, while the influence of pH on aqueous solubility was studied between pH 8–10. 

Solubility measurements were performed by contacting excess solute with the selected solvent 
until equilibrium saturation was reached, ensuring complete mass transfer between solid and 
liquid phases. The concentrations of the analytes in the saturated solutions were quantified 
using high-performance liquid chromatography (HPLC). The resulting data were analysed 
using the Van’t Hoff and modified Apelblat equations.  

The results showed that solubility increased with increasing temperature for all investigated 
compounds and solvent systems. In water, DFF, HFCA, FFCA, and FDCA exhibited 
solubilities of 10, 27, 7.9, and 1.1 g/L at 298 K, increasing to 33, 83, 24, and 3.7 g/L, 
respectively, at 333 K. Cyclohexanone generally provided the highest solubility values among 
the investigated solvents; for example, DFF reached a solubility of 141 g/L at 323 K, whereas 
substantially lower values were observed in water and MIBK. MIBK exhibited lower solubility 
for the more polar compounds. Among the investigated analytes, HFCA exhibited the highest 
aqueous solubility, while FDCA consistently displayed the lowest. Comparison of the 
thermodynamic correlations showed that the modified Apelblat equation provided a better fit 
to the experimental data than the Van't Hoff correlation. 

The influence of pH varied between the investigated compounds. HFCA and FFCA exhibited 
increased solubility at higher pH values, while DFF showed only minor changes and FDCA 
exhibited a slight decrease in solubility within the investigated pH range.  

The generated solubility data contribute to a better understanding of HMF oxidation 
intermediates and may support future solvent selection, separation strategies, and process 
design for FDCA production. 
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Sammanfattning 

Syftet med detta examensarbete var att få fram en sammanhängande uppsättning 
löslighetsdata för fyra intermediärer i oxidationen av 5-hydroxymetylfurfural (HMF): 2,5-
diformylfuran (DFF), 5-hydroxymetyl-2-furankarboxylsyra (HFCA), 5-formyl-2-
furankarboxylsyra (FFCA) och 2,5-furandikarboxylsyra (FDCA), i tre referenslösningsmedel: 
vatten, cyklohexanon och metylisobutylketon (MIBK). Mätningarna genomfördes inom 
temperaturintervallet 298–333 K, och pH-effekter undersöktes i vattenlösningar mellan pH 8 
och 10. Fast–vätske-jämvikter nåddes genom att använda ett överskott av fast substans i 
lösningsmedlet under kontrollerad temperatur och omrörning, följt av fasseparation, 
utspädning och kvantifiering med högpresterande vätskekromatografi (HPLC). 
Temperaturens inverkan på lösligheten analyserades med hjälp av både Van’t Hoff-
sambandet och den modifierade Apelblat-ekvationen för att erhålla prediktiva korrelationer 
inom det studerade temperaturintervallet. 

För samtliga kombinationer av löst ämne och lösningsmedel ökade lösligheten med stigande 
temperatur. I vatten uppmättes löslighetsintervallen mellan 298 och 333 K till 10–33 g/L för 
DFF, 27–83 g/L för HFCA, 7,9–24 g/L för FFCA och 1,1–3,7 g/L för FDCA. Resultaten visar 
att HFCA var den mest lättlösliga föreningen medan FDCA uppvisade lägst löslighet i vatten. 
Valet av lösningsmedel hade en tydlig inverkan på lösligheten. Cyklohexanon gav generellt de 
högsta löslighetsvärdena för intermediärerna, inklusive särskilt höga värden för DFF, medan 
MIBK visade sig vara mindre lämpligt för de mer polära karboxylsyrorna. Dessa resultat 
överensstämmer med förväntningar baserade på polaritet och vätebindningsinteraktioner. 

Jämförelsen av de termodynamiska korrelationerna visade att den modifierade Apelblat-
ekvationen beskrev sambandet mellan temperatur och löslighet mer noggrant än Van’t Hoff-
korrelationen för de undersökta lösningsmedelssystemen inom det studerade 
temperaturintervallet. De Apelblat-parametrar som presenteras i detta arbete är därför 
lämpliga för preliminära konstruktions- och processberäkningar, såsom uppskattning av 
upplösningsgränser, dimensionering av kristallisatorer och utvärdering av lösningsmedel 
inom det aktuella temperaturintervallet. Undersökningen av pH-effekter vid 298 K visade att 
lösligheten för HFCA och FFCA ökade med stigande alkalinitet till följd av bildning av 
karboxylatjoner. DFF uppvisade endast begränsad pH-känslighet, medan FDCA visade en 
svag minskning i löslighet mellan pH 8 och 10. Resultaten indikerar att syra–basegenskaper 
påverkar den vattenbaserade lösligheten på ett föreningsspecifikt sätt under svagt alkaliska 
förhållanden. 

Ur ett processtekniskt perspektiv indikerar den låga lösligheten hos FDCA i de undersökta 
lösningsmedlen att utfällning kan vara en effektiv strategi för produktåtervinning i 
oxidationsprocesser. Den högre lösligheten för intermediärerna i cyklohexanon pekar 
samtidigt på lösningsmedlets potential för bifasiska extraktionsprocesser och för att 
underlätta uppströms omvandlingssteg. Arbetet är begränsat av det relativt smala pH-
intervallet som undersökts. Framtida studier bör därför inkludera både sura och starkt 
alkaliska förhållanden för att skapa ett mer omfattande underlag för design av bifasiska 
processer och kontrollerad kristallisation av FDCA och dess intermediärer. Sammantaget 
tillhandahåller de framtagna löslighetsdata och korrelationerna användbara underlag för val 
av lösningsmedel, utveckling av separationsstrategier och tidig processdesign för hållbar 
produktion av FDCA. 
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Summary 

This thesis establishes a consistent set of solubility data for four intermediates in the 
oxidation of 5-hydroxymethylfurfural (HMF), 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-
furancarboxylic acid (HFCA), 5-formyl-2-furancarboxylic acid (FFCA), and 2,5-
furandicarboxylic acid (FDCA), in three benchmark solvents: water, cyclohexanone, and 
methyl isobutyl ketone (MIBK). Measurements were conducted over 298–333 K, and pH 
effects were evaluated in aqueous media between pH 8 and 10. Solid–liquid equilibria were 
generated by contacting excess solids with solvent under controlled temperature and 
agitation, followed by phase clarification, dilution, and quantification by high-performance 
liquid chromatography (HPLC). The temperature dependence of solubility was analysed using 
both the Van’t Hoff relation and the modified Apelblat equation to provide predictive 
correlations within the studied range. 

Across all solute–solvent systems, solubility increased with temperature. In water, the 
measured ranges from 298 to 333 K were 10–33 g/L for DFF, 27–83 g/L for HFCA, 7.9–24 
g/L for FFCA, and 1.1–3.7 g/L for FDCA, highlighting HFCA as the most soluble and FDCA as 
the least soluble species in aqueous media. The choice of solvent had a pronounced effect, 
cyclohexanone generally provided the highest solubility for the intermediates, including 
notably high values for DFF. Whereas MIBK was comparatively ineffective for the more polar 
acids. These trends align with expected polarity and hydrogen-bonding considerations. 

Thermodynamic correlation comparison showed that the modified Apelblat equation 
captured the relationship of temperature and solubility more accurately than the Van’t Hoff 
correlation across the different solvent systems within the temperature range. Consequently, 
the Apelblat parameters reported here are suitable for preliminary design tasks such as 
estimating dissolution limits, sizing crystallizers, and screening solvents across this 
temperature window. Examination of pH effects at 298 K indicated that HFCA and FFCA 
solubilities increased with alkalinity due to carboxylate formation, DFF exhibited only minor 
pH sensitivity, and FDCA showed a slight decrease over pH 8–10, suggesting compound 
specific acid–base impacts on aqueous solubility under mildly alkaline conditions. 

From a process perspective, the low solubility of FDCA across the investigated solvents 
supports recovery through precipitation as a viable separation lever in oxidation processes, 
while the higher solubility of intermediates in cyclohexanone points to its utility in biphasic 
extraction and in facilitating upstream conversions. The work is limited by the narrow pH 
window studied, with the help of broader acidic and strongly alkaline regimes can future 
research provide the basis for biphasic process design and controlled crystallization of FDCA 
and its intermediates. Overall, the generated dataset and correlations provide actionable 
inputs for solvent selection, separation strategy development, and early-stage design of 
sustainable FDCA production. 
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1 Introduction 

The transition from fossil-based to renewable carbon sources has become increasingly 
important in response to climate change, resource depletion, and the growing demand for 
sustainable materials and chemicals. Among the platform molecules derived from 
lignocellulosic biomass, 5-hydroxymethylfurfural (HMF) has attracted significant attention 
due to its potential to serve as a precursor for a wide range of value-added products. One of 
the most important derivatives of HMF is 2,5-furandicarboxylic acid (FDCA), a bio-based 
alternative to terephthalic acid used in the production of polyethylene furanoate (PEF), a 
promising renewable substitute for polyethylene terephthalate (PET). 

The catalytic oxidation of HMF to FDCA proceeds through several intermediate compounds, 
including 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA), and 5-
formyl-2-furancarboxylic acid (FFCA). The behaviour of these intermediates in different 
solvent systems plays an important role in reaction engineering, product recovery, and 
solvent selection. However, compared to HMF and FDCA, reliable and consistent solubility 
data for these oxidation intermediates remain limited in the available literature. This lack of 
information creates challenges for process development and the design of efficient separation 
strategies. 

Several approaches can be used to investigate the behaviour of HMF oxidation intermediates. 
Experimental solubility measurements can be performed in different solvents and under 
varying process conditions, while thermodynamic correlations can be used to describe the 
relationship between temperature and solubility. In addition, factors such as solution pH may 
influence the solubility of compounds containing ionisable functional groups and should 
therefore be considered when evaluating their behaviour in aqueous systems. 

The aim of this work was to establish a consistent set of solubility data for DFF, HFCA, FFCA, 
and FDCA in selected solvent systems relevant to HMF oxidation and downstream processing. 
To achieve this, solubility measurements were performed in water, cyclohexanone, and 
methyl isobutyl ketone (MIBK) over the temperature range 298–333 K. The influence of pH 
on aqueous solubility was also investigated between pH 8 and 10. Experimental data were 
analysed using the Van’t Hoff and modified Apelblat equations to evaluate their suitability for 
correlating temperature-dependent solubility behaviour. 

The scope of this study was limited to the selected compounds, solvents, temperature range, 
and pH interval investigated experimentally. The generated data are intended to provide a 
basis for solvent selection, separation strategy development, and preliminary process design 
related to the production of FDCA from renewable feedstocks. 
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2 Background 

Often when discussing the use of fossil-based resources, increasing challenges related to their 
depletion, environmental impact, and geopolitical instability are of high relevance. Over 
recent decades, a growing population, economic development, and unsustainable resource 
consumption have intensified pressure on the world’s finite natural resources. This highlights 
the difficulty of balancing human development with the Earth’s limited carrying capacity (1). 
In addition to resource limitations, the global reliance on fossil resources has created 
structural vulnerabilities. The uneven geographical distribution of oil and gas reserves has 
resulted in strong dependencies between regions, where energy-importing countries are 
exposed to supply disruptions and price volatility. Historical events illustrate how geopolitical 
tensions can destabilise energy markets and impact global economic stability, including the 
1973 OPEC oil embargo, and the more recent Gulf Wars, or the Russia–Ukraine conflict, 
which have severely affected the supply and, consequently, affected their prices (2). 

Beyond their role as energy sources, fossil resources also serve as the primary carbon 
feedstock for the chemical industry. Currently, an estimation of 90% of feedstocks used for 
organic chemical production and process energy originate from fossil sources. This strong 
dependence directly links material and chemical production to greenhouse gas emissions and 
long-term resource depletion, thereby increasing the urgency of transitioning toward 
alternative carbon sources (3). As a consequence of this widespread reliance, global CO2 
emissions from energy combustion and industrial processes have increased significantly over 
the recent decades and continue to rise, as illustrated in Figure 1 (4). 

 

Figure 1. Global CO2 emissions from energy combustion and industrial processes. Data adapted from the 
International Energy Agency (4). 

A major contributor to these emissions is the petrochemical industry, which plays a central 
role in modern society through production of fuels, plastics, solvents, and fertilisers. 
However, it is also one of the most energy- and carbon-intensive industrial sectors. By 2024, 
the petrochemical industry accounted for approximately 14% of industrial energy 
consumption and nearly 1.5 Gt of CO₂ emissions annually, which corresponds to around 18% 
of total industrial emissions. These levels are incompatible with Net Zero Emissions by 2050 
targets and challenge several United Nations Sustainable Development Goals (5). In addition, 
this industry contributes approximately 1.2 Gt CO₂-equivalent emissions per year, 
representing about 7% of global greenhouse gas emissions (6). 
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In addition to these emissions, the environmental impact of fossil-based materials is further 
exacerbated. Plastic production continues to grow, reaching 503 Mt in 2024, while recycling 
rates remain low. Only around 9% of plastic waste is recycled, with the majority (79%) 
accumulating in landfills or the natural environment. If current trends persist, plastic waste 
could reach 12 Gt by 2050, with significant amounts already entering marine ecosystems (5). 
An example of a common chemical used in the plastic industry is polyethylene terephthalate 
(PET), it is widely used in packaging and textiles. It is a major contributor to the world’s 
current challenges due to its high production volume and persistence in the environment. 
These factors have driven growing interest in alternative, more resilient and diversified 
carbon sources for chemical production.  

In particular, renewable feedstocks are required to reduce dependence on fossil resources 
while contributing to a more biologically circular economy (5). The transition from fossil-
based to renewable and circular carbon systems is further reinforced by international climate 
targets, such as those established in the Paris Agreement, which aim to limit global warming 
to below 1.5 °C. Achieving these targets requires not only changes in energy systems but also a 
fundamental shift in how carbon is sourced and utilised in the chemical industry (2). 
However, transitioning to alternative feedstocks is not solely an environmental challenge. 
New processes must also be technically feasible, economically viable, and scalable. While 
renewable and waste-based routes have demonstrated potential to reduce environmental 
impacts, their implementation requires careful evaluation of process performance, resource 
availability, and system integration (5). 

2.1 Use of Renewable Feedstocks for Chemical and Fuel Production 

The chemical industry relies fundamentally on the conversion of raw materials into value-
added products including fuels, polymers, chemicals, and pharmaceuticals, predominantly 
sourced from fossil-based carbon (7). However, the increasing environmental and resource-
related concerns have driven the search for renewable alternatives. Among these, biomass has 
emerged as one of the most promising substitutes. Biomass comprises a diverse range of 
organic materials originating from plant photosynthesis, such as agricultural and forestry 
residues, food waste, and animal by-products. These materials typically consist of 
lignocellulosic components as well as lipids and proteins, all of which can be converted into 
fuels, chemicals, and functional materials. Beyond its wide availability, biomass offers the 
potential to reduce greenhouse gas emissions and promote a more circular use of resources, 
particularly when waste streams are valorised rather than disposed of through landfilling or 
open burning (1), although this is subject to adequate life cycle assessments of proposed 
processes. 

To efficiently utilise biomass, biorefineries have been developed over time as a biobased 
equivalent to conventional refineries, integrating multiple processing routes to into different 
products, including fuels, chemicals, and energy. A key advantage of this approach is the 
ability to maximise feedstock value by co-producing bulk fuels alongside smaller volumes of 
high-value chemicals within a single system (7). 

Biomass feedstocks are commonly classified into generations based on their origin and 
processing requirements. First generation biomass feedstocks, such as sugars, starch, and 
vegetable oils, can be readily converted into bioethanol and biodiesel but raise concerns due 
to competition with food production. Second generation feedstocks are derived from 
lignocellulosic biomass, including agricultural residues (e.g., corn stover and wheat straw), 
woody biomass, and organic waste streams. These resources are more abundant and do not 
directly compete with food supply, making them more suitable for large-scale sustainable 
applications. Third generation feedstocks, such as microalgae, offer additional advantages 
including high growth rates, efficient photosynthesis, and high lipid content. Also, they can be 
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cultivated on non-arable land. Despite these benefits, their industrial implementation 
remains limited by economic and technological challenges, such as cultivation efficiency and 
carbon dioxide utilisation (7). 

In contrast, fourth generation feedstocks build upon these developments by incorporating 
genetic and metabolic engineering strategies. These systems primarily involve genetically 
modified or engineered microalgae designed to enhance biofuel and chemical production. 
Through targeted modification of metabolic pathways, these organisms can achieve increased 
production rates of specific compounds, such as triacylglycerols, while also improving overall 
conversion efficiency. This generation of feedstock focuses on enhancing both the yield and 
selectivity of desired products, the aim is to overcome many of the limitations associated with 
earlier biomass resources. However, despite their potential, these technologies remain at an 
early stage of development and face challenges related to scalability, cost, and regulatory 
acceptance (8). 

Among the four generations of feedstocks, second generation lignocellulosic biomass is 
particularly important in the production of renewable chemicals. Its structure provides 
mechanical strength to plant cell walls but also makes it highly resistant to chemical and 
biological degradation. This resistance, often referred to as recalcitrance, represents a major 
challenge in biomass conversion. To overcome this, lignocellulosic biomass must undergo 
several processing steps. These typically include the production of enzymes (such as 
cellulases), followed by the hydrolysis of polysaccharides into fermentable sugars, and finally 
the conversion of these sugars into target products. In addition, variability in biomass 
composition, which depends on source and growth conditions, further complicates process 
design and increases operational costs. Despite these challenges, lignocellulosic biomass 
remains a highly attractive feedstock, as it provides a direct route to carbohydrate-derived 
intermediates that can be further transformed into valuable chemicals (7). 

In this context, bio-based chemicals have gained increasing attention as low-carbon 
alternatives to petrochemical products. Among these, platform chemicals play a central role, 
as they act as key intermediates linking biomass conversion to downstream chemical 
synthesis (7). To support research and development in this area, the United States 
Department of Energy has identified a group of biomass-derived building blocks with high 
industrial potential. These include compounds such as levulinic acid (LA), itaconic acid, and 
glucaric acid, along with other intermediates derived from lignocellulosic carbohydrates and 
lignin (9).  

In addition to having an ideal structure for chemical production, lignocellulosic biomass is 
also one of the most abundant renewable resources. It consists primarily of cellulose (38–50 
wt%), hemicellulose (23–32 wt%), and lignin (15–25 wt%) (10), along with smaller amounts 
of proteins and minerals (7). While cellulose and hemicellulose can be hydrolysed into 
fermentable sugars, lignin is a complex aromatic polymer that requires separate valorisation 
pathways. Prior to hydrolysis, biomass typically undergoes pretreatment (e.g., acid, alkaline, 
or organosolv processes) to disrupt the lignin matrix and improve accessibility of 
carbohydrate fractions (3). These carbohydrate fractions form the basis of the C5 and C6 
platform concept. Hemicellulose primarily yields pentose sugars (C5), such as xylose, whereas 
cellulose consists of glucose (C6). Through hydrolysis and subsequent catalytic 
transformations, these sugars can be converted into key platform molecules. C6 sugars can be 
isomerised to fructose and dehydrated to form 5-hydroxymethylfurfural (HMF), while C5 
sugars are dehydrated to furfural, creating parallel reaction pathways in lignocellulosic 
valorisation (11). 
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2.2 5-Hydroxymethylfurfural as a Building Block to Chemicals of Interest 

HMF is a key intermediate that links lignocellulosic biomass to a wide range of value-added 
chemicals. It is typically produced through acid-catalysed dehydration of C6 sugars such as 
glucose and fructose (12). Its molecular structure, which contains both aldehyde and 
hydroxymethyl functional groups on a furan ring, enables a variety of chemical 
transformations. For this reason, HMF is widely recognised as a versatile bio-based platform 
molecule and has been described as a “sleeping giant” in renewable chemistry. It has also 
been identified by the United States Department of Energy as one of twelve key biomass-
derived intermediates (9). As illustrated in Figure 2, HMF acts as a central platform for 
multiple catalytic pathways leading to diverse products. Through rehydration and hydrolysis 
reactions, HMF can be converted into formic acid (FA) and levulinic acid (LA), respectively. 
Additional transformation routes include hydrogenation to produce 1,6-hexanediol and 2,5-
dimethylfuran (DMF), a promising bio-based fuel (14,15). Among these pathways, the 
oxidation of HMF is particularly important, as it provides a direct route to 2,5-
furandicarboxylic acid (FDCA). 

Figure 2. Reaction pathways for the catalytic conversion of HMF into value-added chemicals (14,15). 

2.3 2,5-Furandicarboxylic Acid and its Role in Sustainable Polymer Production 

FDCA is a key platform molecule in the transition from fossil-based to renewable chemical 
production. It has been identified by the United States Department of Energy as one of the 
most promising biomass-derived building blocks and continues to attract significant interest 
for future biorefinery applications (10,16). A major driver for this interest is the structural 
similarity between FDCA and terephthalic acid (TPA), the conventional monomer used in the 
production of polyethylene terephthalate (PET). This similarity enables FDCA to act as a bio-
based substitute in polymer synthesis, most notably in the production of polyethylene 
furanoate (PEF) (17). As a result, FDCA is not only a platform chemical but also a key 
component in the development of next-generation bio-based plastics. PEF derived from 
FDCA, has emerged as a promising alternative to conventional PET. While PET is widely used 
in packaging, textiles, and films, it is entirely fossil-based and contributes significantly to 
global plastic waste and greenhouse gas emissions. In contrast, PEF can be produced from 
renewable resources and is designed to be recyclable, making it more aligned with circular 
economy principles (10).  
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Beyond its renewable origin, PEF exhibits several advantageous material properties compared 
to PET. It shows better barrier performance for oxygen (O₂) and carbon dioxide (CO₂), which 
is highly relevant for food and beverage packaging. These improved barrier properties can 
extend product shelf life and reduce the need for additional materials such as coatings or 
multilayer structures, which are commonly used in PET and can complicate recycling (16). 
Furthermore, PEF shows enhanced thermal and mechanical properties, broadening its 
potential application range  (16,17). The high melt strength allows thinner packaging with the 
same durability which result in lower production costs due to the minimised material use. The 
higher glass transition temperature and melting point makes it ideal for holding liquids at 
90°C, which is higher than of PET (18). Another important aspect of PEF is its environmental 
performance. Studies have indicated that PEF can degrade more rapidly than conventional 
plastics under industrial composting conditions, while still maintaining recyclability. This 
combination of properties highlights how PEF may be a potential solution to both plastic 
waste management and climate-related challenges, as highlighted in Table 1. 

Table 1. Comparison of PET and PEF properties (16,18). 

Property PET PEF Unit Reference 

Molecule  
 

 
  

 
 

  

- (18) 

Feedstock Fossil-based Bio-based (FDCA) - (16) 

O2 
permeability 

2.5 0.23 cm3·mm/ 
(m2·24hbar) 

(16) 

CO2 
permeability 

24 1.6 cm3·mm/ 
(m2·24hbar) 

(16) 

H2O 
permeability 

0.90 0.36 g·mm/ 
(m2·24hbar) 

(16) 

Glass 
transition 

≈76 ≈88 °C (16) 

Melting 
temperature 

250–270 210–230 °C (16) 

E-modulus 2.1–2.2 3.6 GPa (16) 

Yield strength 50–60 90–100 MPa (16) 

Recyclability Lower Higher - (16) 

Environmental 
impact 

Higher Lower - (16,18) 

 

From an economic standpoint, the importance of FDCA is closely linked to the scale of the 
global plastics market, which exceeds $200 billion annually and is currently dominated by 
fossil-based materials (16). In this context, PEF represents a viable bio-based alternative with 
the potential to partially replace conventional polymers, highlighting both the environmental 
and economic relevance of efficient FDCA production routes. 

Beyond polymer applications, FDCA also has wider industrial relevance. It can serve as a 
precursor for pharmaceuticals, including compounds with anaesthetic properties, as well as 
fungicides, corrosion inhibitors, and other specialty chemicals (10). This versatility further 
reinforces its importance as a central platform molecule within emerging biorefinery systems. 
Overall, FDCA plays a central role in enabling the transition toward renewable and circular 
materials. Its production from HMF, combined with its application in PEF synthesis, 
establishes a direct pathway from lignocellulosic biomass to high-performance bio-based 
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polymers. Consequently, improving the efficiency of HMF oxidation processes, as well as 
understanding the formation and behaviour of intermediate species, is essential for the 
development of sustainable chemical production systems. 

2.4 Oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxylic Acid 

The conversion of HMF to FDCA involves a sequence of oxidation reactions targeting both the 
hydroxymethyl (alcohol) and aldehyde functional groups present in the HMF molecule, as 
depicted in Figure 3.  

 
Figure 3. Reaction pathways for the oxidation of HMF to FDCA showing key intermediates (DFF, HFCA, FFCA, 
FDCA) (17). 

These reactions are typically carried out in aqueous media, often under alkaline conditions 
and in the presence of a catalyst (17). Following the initial oxidation step, the reaction can 
proceed via two primary pathways, depending on which functional group is oxidised first. In 
the first route, oxidation of the hydroxymethyl group leads to the formation of 2,5-
diformylfuran (DFF), commonly referred to as the DFF pathway. Alternatively, oxidation of 
the aldehyde group produces 5-hydroxymethyl-2-furancarboxylic acid (HFCA), known as the 
HFCA pathway. Although both functional groups may be oxidised simultaneously, their 
relative reaction rates are strongly influenced by the catalytic system and reaction conditions. 
In practice, the distribution of intermediates differs between these pathways. DFF is often 
detected only in low concentrations due to the high reactivity of its carbonyl groups in alkaline 
aqueous environments, which promotes rapid further oxidation (17). Different reaction 
conditions for HMF oxidation to FDCA are presented in Table 2. 

Table 2. Summary of experimental conditions for HMF oxidation to FDCA for selected examples  (19–23). 

 

ᵃ HMF solution density was assumed to be ρ = 1000 g·L⁻¹ where required. 

Temp 
(K) 

Time 
(h) 

Substrate 
(g/L)a 

Product 
(g/L)b 

Cat. Cat. (g/L)c Base Base 
(g/L) 

PO₂ 
(bar)d 

XHMF 

(%)e 

YFDCA 

(%)f 

SFDCA 
(%)g 

Ref. 

383 24 6.3 6.5 Pt/ 
NC-
800 

5.0 NaHCO3 8.4 5 100 84 84 (19) 

353 24 6.3 0.039 Au-
Pd/ 

ZrO2 

0.5mmol/L 
or 1.0 
mol%* 

NaHCO3 17 5 14 0.5 3.6 (20) 

373 12 10 11 Au 30 No base No 
base 

1 99 93 93 (21) 

333 6 63 55 Au1.5 

Pd 
5.0 NaOH 80 3 99 70 71 (22) 

383 8 0.050 0.060 Ru/C 2.0 Mg(OH)2 10 10 100 97 97 (23) 



 
8 

ᵇ FDCA concentrations were calculated from the reported HMF conversion and FDCA yield 
values. 

ᶜ Catalyst loadings reported in mol% or mmol·L⁻¹ were retained in their original units when 
conversion to g·L⁻¹ was not feasible. 

ᵈ Oxygen pressures originally reported in MPa or atm were converted to bar for consistency. 

ᵉ XHMF = HMF conversion (%). 

ᶠ YFDCA = FDCA yield (%). 

ᵍ SFDCA = FDCA selectivity (%), calculated as the ratio of FDCA yield to HMF conversion. 

*Catalyst loading reported by the original authors as 0.5 mmol·L⁻¹ (1.0 mol%). 

Among the intermediates, 5-formylfuran-2-carboxylic acid (FFCA) plays a particularly 
important role. It is formed during partial oxidation of HMF and contains aldehyde, carboxyl, 
and furan functionalities, which confer high chemical reactivity and enable further 
transformation into FDCA. In addition to its role as an intermediate, FFCA can also serve as a 
precursor for bio-based polymers and other value-added chemicals. The limited detection of 
DFF in many systems suggests that oxidation of the aldehyde group is often kinetically 
favoured over oxidation of the hydroxymethyl group under typical conditions. In alkaline 
media, the reaction is frequently initiated by nucleophilic attack of hydroxide ions on the 
aldehyde group, facilitating its conversion to carboxylic acid functionalities. From a kinetic 
perspective, the conversion of HFCA to FFCA is commonly considered the rate-determining 
step, as it involves oxidation of the more stable hydroxymethyl group. The final step, 
oxidation of FFCA to FDCA, proceeds through a similar mechanism but can also be relatively 
slow, leading to accumulation of FFCA under certain conditions. 

2.5 Solvent Systems and Biphasic Processing 

The selection of solvent plays a critical role in the production and recovery of HMF. 
In monophasic systems, the solvent functions as the reaction medium in which sugar 
dehydration occurs. An extensively studied for HMF production is Dimethyl sulfoxide 
(DMSO). It is a polar aprotic solvent, it effectively dissolves sugars, intermediates, and 
humins, while stabilising HMF through strong solvation interactions. This stabilisation 
suppresses undesired side reactions and improves selectivity. In addition, DMSO can act as a 
promoter or ligand in catalytic systems  (3,7,24). However, its high boiling point and complete 
miscibility with water complicate downstream separation and product recovery. Alcohol-
based solvents, such as tert-butanol (t-BuOH), have also been widely explored as reaction 
media. These solvents exhibit good stability under reaction conditions and provide favourable 
solubility for intermediate species. Their relatively low boiling points facilitate separation and 
solvent recovery. Furthermore, steric hindrance and the absence of α-hydrogen atoms reduce 
their susceptibility to undesired side reactions. Other solvents investigated as reaction media 
include dichloroethane, cyclic ethers such as tetrahydrofuran (THF) and dioxane, and ester-
based solvents such as ethyl acetate and γ-valerolactone (14).  

The valorisation of lignocellulosic biomass into platform chemicals such as HMF and furfural 
has gained significant attention in the transition toward renewable chemical production. 
These compounds are typically produced via acid-catalysed dehydration of hexoses (glucose 
and fructose) and pentoses (xylose), respectively. In aqueous environments, HMF and 
furfural readily undergo side reactions, including rehydration to levulinic and formic acids, as 
well as polymerisation into insoluble humins. These competing pathways reduce product 
yields and limit overall process efficiency (11). To overcome these limitations, biphasic 
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liquid–liquid systems have been developed as an effective reaction strategy. In such systems, 
the reaction takes place in an aqueous phase (reaction phase, RP), while an immiscible 
organic phase (extraction phase, EP) continuously extracts the desired products as they are 
formed. This in situ extraction reduces the residence time of reactive species in the aqueous 
phase, thereby suppressing degradation reactions and improving selectivity. Additionally, 
continuous product removal can shift the reaction equilibrium toward product formation, 
enhancing overall conversion (11). 

Biphasic solvent systems have also been proposed to balance solubility, reactivity, and 
separation performance. In contrast to monophasic systems, the solvent in biphasic systems 
is selected based on its role within either the reaction phase (aqueous phase) or the extraction 
phase (organic phase). While the reaction typically occurs in the aqueous phase, the organic 
phase is chosen to extract in situ HMF and minimise its degradation. The choice of extraction 
solvent is therefore particularly important. Methyl isobutyl ketone (MIBK) is commonly used 
due to its immiscibility with water and relatively high extraction efficiency for HMF. Other 
extraction solvents include tetrahydrofuran (THF) (often combined with salts to induce phase 
separation), alcohols such as 1-butanol, toluene, and γ-valerolactone. In some cases, biphasic 
solvent systems or modified aqueous phases are employed to further enhance extraction 
efficiency and phase behaviour. Despite their effectiveness, many conventional solvents 
present environmental and safety concerns, motivating the development of greener 
alternatives with comparable performance (11). 

2.6 Literature Data on Solubility of 5-Hydroxymethylfurfural Intermediates 

The solubility behaviour of HMF oxidation intermediates is crucial in the reaction design and 
separation processes. Therefore, reliable literature data are essential for solvent selection and 
benchmarking experimental results. The different solubilities of FDCA in various solvents and 
temperatures are presented in Table 3. 

Table 3.  Solubility of FDCA in selected solvents at 298 K and 313 K (10, 12, 24). 

Solvent Abbreviation Temperature 
[K] 

Solubility 
(g/L) 

Reference 

Water — 298 1.06 (10) 
Methyl ethyl ketone MEK 298 0.814 (10) 
Methyl isobutyl ketone MIBK 298 0.267 (10) 
Cyclohexanone ONE 298 1.36 (10) 
Diethyl ether DEE 298 0.188 (10) 
tert-Butyl methyl ether TBME 298 0.444 (10) 
Methoxycyclopentane CPME 298 0.357 (10) 
Isobutyl acetate i-BuOAc 298 0.086 (10) 
Octan-1-ol 1-OcOH 298 1.02 (10) 
Methanol MeOH 313 16.4 (12) 
Acetonitrile MeCN 313 0.180 (12) 
Isobutanol i-BuOH 313 2.84 (12) 
1-Butanol n-BuOH 313 4.54 (12) 
Ethyl acetate EtOAc 313 0.120 (12) 
Dimethyl sulfoxide DMSO 298 578 (24) 
N,N-Dimethylformamide DMF 298 329 (24) 
1-Butyl-3-methylimidazolium 
chloride 

[BMIm][Cl] 298 324 (24) 

γ-Valerolactone GVL 298 <1.0 (24) 
Tetrahydrofuran THF 298 <0.9 (24) 

 

While highly polar solvents such as DMSO, DMF, and the ionic liquid [BMIm][Cl] exhibit the 
greatest FDCA solubilities, their practical application is limited by sustainability and 
separation concerns. Among greener organic solvents, cyclohexanone demonstrates the 
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highest solubility and favourable distribution behaviour, making it a promising candidate for 
biphasic systems. In contrast, MIBK and diethyl ether show considerably lower solubilities 
(10). 

In addition to monophasic solvents, FDCA solubility has been investigated in binary solvent 
systems. Mixtures such as water and 1,4-dioxane provide tunable polarity, enabling 
systematic evaluation of solubility behaviour. The influence of temperature and solvent 
composition is illustrated in Table 4, where increasing temperature leads to higher solubility 
across all compositions. Furthermore, maximum solubility is observed at specific solvent 
compositions, reflecting a balance between solvent polarity and solute–solvent interactions 
(26). Compared to FDCA, fewer studies have investigated the solubility of HMF oxidation 
intermediates. However, available data reveal clear trends related to molecular structure and 
functional groups. As shown in Table 4, FFCA exhibits significantly higher solubility than 
FDCA across all water/1,4-dioxane compositions and temperatures. This behaviour can be 
attributed to the presence of only one carboxylic acid group in FFCA, resulting in reduced 
intermolecular hydrogen bonding and crystal lattice energy compared to the dicarboxylic 
FDCA. 

Table 4. Mole fraction solubility of FDCA and FFCA in water/1,4-dioxane mixtures at selected temperatures (26). 

Solute Temperature 
(K) 

Solvent Composition (x₁: Mole Fraction of 1,4-Dioxane) 

0.0 0.20 0.40 0.60 0.80 1.0 

FDCA 
solubility (g/L) 

303 1.14 17.7 38.2 38.0 25.0 4.34 

 
313 1.64 26.0 43.1 40.0 26.9 5.76  
323 2.16 32.5 51.6 44.4 28.8 6.46  
333 3.25 41.2 57.3 45.9 31.1 7.65 

 
343 4.17 50.4 64.0 49.4 33.5 10.5 

FFCA 
solubility (g/L) 

303 9.83 133 217 201 140 71.4 

 
313 16.7 169 258 236 154 91.5  
323 19.4 219 289 285 195 115  
333 28.7 265 319 299 215 132  
343 44.9 289 324 319 223 134 
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Table 5 summarises the literature-reported solubility of DFF and HFCA in water and a range 
of organic solvents.  

Table 5. Solubility of DFF and HFCA in Selected Solvents (24,27–33). Data reported at T=298 K, unless otherwise 
noted. 

Solvent Abbreviation DFFa HFCAa 

Solubility (g/L) Ref Solubility (g/L) Ref 
Water - 

 
10 [290K], 
15 [303K] 

(27) 18b (28) 

Methyl isobutyl ketone MIBK Soluble (29) 4.7b (28) 

1,4-Dioxane Diox n.d. - 23b (28) 

Toluene Tol Soluble (30) 3.0b (28) 

Cyclohexanone CyONE n.d. - 13b (28) 

Ethyl acetate EtOAc Soluble (31), 
(32) 

4.6b (28) 

2-Methyltetrahydrofuran 2-MeTHF n.d. - 13b (28) 

Diethyl ether DEE Soluble (33) 6.0b (28) 

Dimethyl sulfoxide DMSO 491 (24) n.d. - 

N,N-Dimethylformamide DMF 404 (24) n.d. - 

1-Butyl-3-
methylimidazolium chloride 

[BMIm][Cl] 205 (24) n.d. - 

γ-Valerolactone GVL 239 (24) 44b (28) 

Tetrahydrofuran THF 88 (24) n.d. - 

ᵃ Quantitative solubility values and corresponding references are provided where available. 
“Soluble” denotes a qualitative observation reported in the literature, while “n.d.” indicates 
that no data were reported. 

ᵇ Data obtained from Ref. (28), which is a website source rather than a peer-reviewed 
publication. These values should therefore be interpreted with appropriate caution when 
compared with experimentally determined solubility data. 

In contrast to FFCA and FDCA, other intermediates such as DFF and HFCA display different 
solubility patterns. DFF lacks ionisable carboxylic acid groups and therefore shows low 
solubility in water but increased solubility in organic solvents, particularly polar aprotic 
media. HFCA generally exhibits intermediate behaviour due to the presence of both 
hydroxymethyl and carboxylic acid functionalities. 

2.6.1 Effect of pH and Temperature on Solubility 

Table 6 highlights the influence of pH on the solubility of DFF in aqueous NaOH solutions at 
313 K (34). As illustrated in Table 6, the solubility increases gradually from 5.34 g/L at neutral 
pH to 13.5 g/L at pH 13, followed by a sharp rise to 168 g/L at pH 14. This pronounced 
increase under highly alkaline conditions is attributed to base-catalysed hydration and the 
formation of more soluble ionic or hydrated species, which enhance the apparent solubility of 
DFF. No studies reporting the effect of pH on the solubility of HMF, HFCA, FFCA, or FDCA 
were identified during the literature review. The lack of pH-dependent solubility data 
highlights a significant knowledge gap and further underscores the relevance of the present 
study. 
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Table 6. Solubility of DFF in aqueous NaOH solutions at 313 K (34). 

pH NaOH concentration (mol/L) Solubility (g/L) 

7 — 5.3 

10 10⁻⁴ 6.2 

11 10⁻³ 6.5 

12 10⁻² 8.7 

13 10⁻¹ 14 

14 1 168 

 

2.7 Aim and Objectives 

The aim of this bachelor thesis is to experimentally investigate the solubility behaviour of 
selected HMF oxidation intermediates in relevant solvent systems, with particular focus on 
the effects of temperature and pH. 

To achieve this aim, the following objectives have been defined: 

• Determine the solubility of DFF, HFCA, FFCA, and FDCA in water, cyclohexanone and 
MIBK. 

• Investigate the effect of temperature on solubility in selected solvent systems. 

• Investigate the effect of pH on solubility in aqueous systems. 
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3 Materials and Methods 

This chapter describes the materials, experimental procedures, analytical methods, and 
thermodynamic correlations used in this work to investigate the solubility behaviour of 
selected HMF oxidation intermediates in different solvent systems and under varying pH 
conditions. 

3.1 Materials 

Table 7 shows the different chemicals used for calibration and solubility experiments. The 
molecular weight is from the bottle of origin. All chemicals used were not further purified and 
used as received. 

Table 7. Chemicals used for solubility measurements and HPLC analysis. 

Chemical name Abb. CAS No. 

 

Molecular 
weight (g/mol) 

Purity 
(%) 

Supplier Function 

2,5-Diformylfuran DFF 823-82-5 124.09 N/A Fluorochem Analyte 

5-Hydroxymethyl-2-
furancarboxylic acid 

HFCA 6338-41-6 

 

142.11 N/A Fluorochem Analyte 

5-Formylfuran-2-
carboxylic acid 

FFCA 13529-17-4
  

140.094 N/A Fluorochem Analyte 

2,5-
Furandicarboxylic 
acid 

FDCA 3238-40-2 156.093 N/A Fluorochem Analyte 

Sulfuric acid H2SO4 7664-93-9 98.08 96 ±0.1 Scharlau HPLC 
mobile 
phase 

Citric acid CA 77-92-9 

 

192.13 99 Panreac Diluent 

Isopropyl alcohol IPA 
67-630 

 

60.10 99.8 labkem Diluent 

Milli-Q water H2O 7732-18-5 18.015 N/A N/A Solvent 

Cyclohexanone CyC 108-94-1 98.14 99.0 Sigma-Aldrich Solvent 

Methyl isobutyl 
ketone 

MIBK 108-10-1 100.16 >99.5 Tokyo Chemical 
Industry Co., LTD 

Solvent 

Sodium Hydroxide NaOH 1310-73-2 40 >98.0 labkem Base 
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3.2 Experimental Methods 

This chapter describes the experimental methods used to determine the solubility of HMF 
oxidation intermediates and to analyse the resulting data. 

3.2.1 Solubility Measurements 

The solubility experiments were performed in 2mL Eppendorf tubes with the total solution 
volume of 1.0 mL. The mass of each analyte required to achieve saturation was estimated 
based on literature solubility data available for DFF, HFCA, FFCA, and FDCA in the selected 
solvents, see Table 3-5. To ensure saturation, approximately 0.0050 g in excess of the 
reported solubility limit was added to each sample. 

The required mass of DFF, HFCA, FFCA, or FDCA was accurately weighed using an analytical 
balance (precision of 0.001 g) directly into a 2.0 mL Eppendorf tube. Subsequently, 1.0 mL of 
the selected solvent was added. The tubes were sealed immediately to minimise solvent 
evaporation and vortexed for approximately 10–30 s to disperse the solid. 

The samples were then placed in an Eppendorf Thermomixer C set to the selected 
experimental temperature. Agitation was performed at 1000 rpm for at least 2.5 h to promote 
dissolution and allow solid–liquid equilibrium to be reached ensuring complete mass 
transfer, as indicated in the experimental procedure of previous works for similar systems 
(10). 

Following equilibration, the samples were centrifuged at 4000 rpm for 10 min to separate 
undissolved solids from the saturated solution. If necessary, the centrifugation time was 
extended slightly to ensure a clear supernatant. The sealed tubes were then returned to the 
Thermomixer C and maintained at the selected temperature without shaking for a minimum 
of 2 h to ensure thermal stabilisation prior to sampling. 

After temperature stabilisation, an aliquot of 0.10 mL of the clear supernatant was carefully 
withdrawn using a calibrated micropipette while avoiding disturbance of undissolved solids. 
The aliquot was transferred to a new Eppendorf tube containing 0.90 mL of citric acid 
solution (3 g/L), resulting in a dilution factor of 10. Prior to chromatographic analysis, the 
diluted samples were filtered through a 0.22 µm syringe filter directly into HPLC vials. 

The concentration of each analyte in the saturated solution was subsequently determined 
using high-performance liquid chromatography (HPLC). Additionally, all measurements were 
performed in triplicate; values are reported as means with standard deviations. 

3.2.2 pH-Dependent Solubility Measurements 

The effect of pH on the solubility of DFF, HFCA, FFCA, and FDCA was investigated in 
aqueous solutions at pH 8, 9, and 10. The selected pH range was chosen to reflect the mildly 
alkaline conditions commonly employed during catalytic oxidation of HMF to FDCA. As 
shown in Table 2, several reported oxidation systems utilise alkaline additives such as NaOH, 
NaHCO₃, and Mg(OH)₂ to promote HMF conversion and FDCA formation (19,20,22,23). 
Investigating solubility under these conditions is therefore relevant for understanding the 
behaviour of the oxidation intermediates during reaction and downstream separation 
processes. The alkaline solutions were prepared using sodium hydroxide (NaOH) pellets 
dissolved in Milli-Q water. 

Initially, a stock solution at pH 12 was prepared in a 100 mL volumetric flask. The hydrogen 
ion concentration corresponding to the selected pH was calculated according to Equation 1. 

[H+]=10-pH   (1) 
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Based on the calculated concentration, the amount of NaOH required for preparation of the 
stock solution was determined using Equation 2, where (n) is the number of moles, (C) is the 
concentration, and (V) is the total solution volume. 

𝑛 =  𝐶 ∙  𝑉   (2) 

The corresponding NaOH mass was then calculated using Equation 3, where (m) is the mass 
of NaOH, (n) is the number of moles, and (M) is the molar mass of NaOH. 

𝑚 =  𝑛 ∙  𝑀   (3) 

From the pH 12 stock solution, a pH 10 solution was prepared by dilution with Milli-Q water. 
The pH 8 and pH 9 solutions were subsequently prepared by further dilution of the pH 10 
solution in separate volumetric flasks. The dilution calculations were performed according to 
Equation 4. 

𝐶1 ∙ 𝑉1 = 𝐶2 ∙ 𝑉2  (4) 

where 𝐶1is the concentration of the stock solution, 𝑉1is the volume of stock solution required, 
𝐶2is the desired concentration of the calibration standard, and 𝑉2is the final volume of the 
calibration standard. The pH of each solution was verified using a calibrated pH meter prior 
to use to ensure the desired pH values were obtained. 

The solubility measurements at different pH values were performed following the same 
experimental procedure described in Section 2.2.1. All experiments were carried out in 
triplicate for each analyte and pH condition. 

3.2.3 HPLC Analysis 

Quantitative analysis of the investigated compounds DFF, HFCA, FFCA and FDCA was 
performed using high-performance liquid chromatography (HPLC) with an Agilent 1100 
Series system. Separation was achieved using a Benson Polymeric™ BP-800 H proton-
exchange column (7.8 mm × 300 mm, 9 µm particle size, Concise Separations). The mobile 
phase consisted of sulfuric acid in Milli-Q water at a concentration of 277 µL/L. 

A refractive index detector (RID) was primarily used for analyte quantification. An injection 
volume of 20 µL was used for all analyses. However, for one set of samples containing FDCA 
in cyclohexanone, co-elution between FDCA and cyclohexanone resulted in overlapping peaks 
that could not be resolved using the RID detector. In this case, a diode array detector (DAD) 
was used for quantification instead.                                                                                                                                                               

Different detection wavelengths for the DAD detector reported in previous studies were 
evaluated for FDCA analysis, including 210 nm and 260 nm reported by Pardo and 265 nm 
reported by Peng (10). Among the tested wavelengths, 210 nm provided the best peak 
definition and signal intensity for FDCA and was therefore selected for these measurements. 
The same calibration solutions were used for both RID and DAD analysis. 

3.2.4 Calibration Procedure 

Calibration curves for DFF, HFCA, FFCA, and FDCA were prepared to enable quantitative 
analysis by HPLC. For each analyte, a stock solution was prepared at the highest 
concentration required for the calibration range. The appropriate mass of each compound was 
accurately weighed using an analytical balance and transferred into a volumetric flask. 
Isopropyl alcohol (IPA) was then added as the diluent to reach the required final volume. 

From each stock solution, a series of eight calibration standards was prepared by dilution 
according to the dilution equation (Equation 4). Appropriate volumes of the stock solution 
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were transferred using calibrated micropipettes into 2.0 mL Eppendorf tubes and diluted with 
citric acid solution to a final volume of 1.0 mL. 

The prepared standards were mixed using a vortex mixer and subsequently filtered through a 
0.22 µm syringe filter directly into HPLC vials prior to analysis. The calibration standards 
were analysed using HPLC under the conditions described in Section 2.2.3. 

The calibration ranges for each analyte were selected based on literature-reported solubility 
values in the solvents investigated in this work. The concentration ranges were chosen to 
ensure that the diluted solubility samples would fall within the linear response range of the 
detector during HPLC analysis. Consequently, compounds expected to exhibit lower 
solubility, such as FDCA, were calibrated using lower concentration ranges compared to more 
soluble intermediates such as DFF and HFCA. 

Calibration curves were obtained by plotting chromatographic peak area against analyte 
concentration for DFF, HFCA, FFCA, and FDCA (see Appendix A). Linear regression analysis 
was used to determine the relationship between peak area and analyte concentration. All final 
calibration curves showed good linearity with correlation coefficients (R²) greater than 0.99. 
Quantification of the analytes was performed using the external calibration method. 

3.3 Thermodynamic Correlations 

The experimentally determined solubility data were correlated using thermodynamic 
correlations to evaluate the relationship between temperature and solubility for the 
investigated analytes. Initially, the Van’t Hoff equation was evaluated to describe the 
temperature dependence of solubility, see Appendix B. The Van’t Hoff equation relates the 
molar fraction of a solute to the absolute temperature and is expressed as Equation 5 (35). 

𝑙𝑛𝑥 =
−∆𝐻𝑑

𝑅𝑇
+

∆𝑆𝑑

𝑅
  (5) 

Where x is the mole fraction solubility (–), ΔHd is the dissolution enthalpy (J·mol⁻¹), ΔSd is 
the dissolution entropy (J·mol⁻¹·K⁻¹), R is the universal gas constant (8.314 J·mol⁻¹·K⁻¹), 
and T is the absolute temperature (K). 

The modified Apelblat equation was used to describe the temperature dependence of 
solubility and is expressed according to Equation 6 (35), see Appendix C. Where x is the mole 
fraction solubility (–), T is the absolute temperature (K), and A (–), B (K), and C (–) are 
empirical correlation parameters obtained by regression analysis., see Appendix B. 

ln 𝑥 = 𝐴 + 
𝐵

𝑇
+ 𝐶 ln 𝑇  (6) 

The Apelblat correlation gives a common application in the correlation of solid–liquid 
equilibrium data and its suitability for describing temperature-dependent solubility behaviour 
over moderate temperature ranges. 

3.4 Statistical Parameters 

The standard deviation was calculated according to Equation 6 and used to evaluate the 
variability of replicate measurements and the reliability of the experimental data. In Equation 
7, 𝑠 represents the standard deviation, xi the individual measured values, 𝑥̅ the mean value 
and 𝑛 the number of measurements.  

𝑠 = √
∑𝑥𝑖−𝑥 

𝑛−1
   (7) 
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The relative standard deviation (RSD) was subsequently calculated according to Equation 8 to 
express the experimental variability relative to the mean value. 

𝑅𝑆𝐷 =
𝑠

𝑥̅
× 100  (8) 

The deviation from literature values was calculated using Equation 9, which expresses the 
relative difference between the experimentally determined concentration and the literature-
reported concentration as a percentage.  

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 −𝐿𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐿𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 100 (9) 
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4 Results and Discussion 

The results obtained from the solubility measurements are presented and discussed in the 
following sections. 

4.1 Solubility Data in Water 

The experimentally determined solubility data for DFF, HFCA, FFCA, and FDCA in water at 
temperatures between 298 K and 333 K are presented in Tables 8–11 and Figures 4–7. For all 
investigated analytes, solubility increased with increasing temperature, indicating enhanced 
dissolution at elevated temperatures. Overall, the experimental results showed reasonable 
agreement with available literature data, although some deviations were observed depending 
on analyte and temperature. 

DFF exhibited a clear increase in solubility from 10 g/L at 298 K to 33 g/L at 333 K (Table 8 
and Figure 4). The experimental value obtained at 298 K showed good agreement with 
literature data, with a deviation of 4%. However, the literature value was reported at 290 K 
rather than 298 K, which may explain the observed difference. A larger deviation of 21% was 
observed at 303 K. Despite these deviations, the relatively low standard deviation and RSD 
values indicate good reproducibility of the experimental procedure. Slightly higher variability 
at elevated temperatures may be associated with solvent evaporation during sampling and 
handling. The approximately linear increase in solubility with temperature suggests 
increasingly favourable solute and solvent interactions at elevated temperatures. 

Table 8. Experimental solubility data of DFF in water at different temperatures, including statistical parameters 
and literature comparison. 

Temperature 
(K) 

Solubility 
DFF (g/L) 

Standard 
Deviation, 

s 

Relative Standard 
Deviation, RSD (%) 

Literature DFF 
Solubility (g/L) 

Absolute 
Deviation from 
Literature (%) 

298 10 1.1 11 10* 4.0 
303 12 0.80 6.7 15 21 
313 18 0.48 2.7 - - 
323 20 0.77 3.9 - - 
333 33 1.7 5.2 - - 
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Figure 4. Solubility of DFF in the temperature range 298–333 K. The lines connecting the experimental data 
points are included only as a visual guide and do not represent a fitted model. 

HFCA displayed the highest aqueous solubility among the investigated intermediates, 
increasing from 27 g/L at 298 K to 83 g/L at 333 K (Table 9 and Figure 5). The high aqueous 
solubility of HFCA can be attributed to the presence of both hydroxymethyl and carboxylic 
acid functionalities, which increase molecular polarity and promote hydrogen-bonding 
interactions with water molecules. 

The experimental value at 298 K deviated by 46% from the reported literature value. 
However, the reference data were obtained from a non-peer-reviewed database (28), which 
may reduce the reliability of the comparison. Consequently, the experimental values obtained 
in this work may provide a more representative estimate of HFCA solubility under the 
investigated conditions. 

Compared to the other investigated analytes, HFCA exhibited both high absolute solubility 
and a pronounced temperature dependence. This behaviour further supports the strong 
influence of polar functional groups on aqueous solubility behaviour. 
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Table 9. Experimental solubility data of HFCA in water at different temperatures, including statistical 
parameters and literature comparison. 

 
 

 

Figure 5. Solubility of HFCA in the temperature range 298–333 K. The lines connecting the experimental data 
points are included only as a visual guide and do not represent a fitted model. 

Table 10 presents the solubility data for FFCA in water at different temperatures. The 
solubility increased progressively from 7.9 g/L at 298 K to 24 g/L at 333 K. The experimental 
results showed relatively good agreement with literature values, particularly at 323 K where 
the deviation was below 1% (26). 

Compared to FDCA, FFCA exhibited significantly higher solubility in water. This behaviour 
can be attributed to the presence of only one carboxylic acid group in FFCA, resulting in 
weaker intermolecular hydrogen-bonding interactions in the solid phase compared to FDCA. 
Consequently, FFCA dissolves more readily in water. The relatively low RSD values and small 
deviations from literature indicate good experimental reproducibility and reliability. 

 

 

Temperature 
(K) 

Solubility 
HFCA (g/L) 

Standard 
Deviation, 

s 

Relative Standard 
Deviation, RSD (%) 

Literature HFCA 
Solubility (g/L) 

Absolute 
Deviation from 
Literature (%) 

298 27 2.3 8.6 18 46 

303 26 8.4 32 - - 

313 46 3.2 6.9 - - 

323 68 18 26 - - 

333 83 18 22 - - 
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Table 10. Experimental solubility data of FFCA in water at different temperatures, including statistical 
parameters and literature comparison. 

 

Figure 6 illustrates the temperature-dependent solubility behaviour of FFCA in water. The 
approximately linear increase in solubility over the investigated temperature range further 
supports the positive influence of temperature on dissolution and suggests increasingly 
favourable solute and solvent interactions at elevated temperatures. 

 

Figure 6. Solubility of FFCA in the temperature range 298–333 K. The lines connecting the experimental data 
points are included only as a visual guide and do not represent a fitted model. 

The experimental solubility data for FDCA in water are presented in Table 11. Among the 
investigated analytes, FDCA exhibited the lowest solubility across the entire temperature 
range, increasing from 1.1 g/L at 298 K to 3.7 g/L at 333 K. These results are consistent with 
previously reported literature values and can be attributed to the presence of two carboxylic 
acid groups, which increase intermolecular interactions and reduce the tendency of FDCA to 
dissolve in water (10, 12, 24). 

Temperature 
(K) 

Solubility 
FFCA (g/L) 

Standard 
Deviation, 

s 

Relative Standard 
Deviation, RSD (%) 

Literature FFCA 
Solubility (g/L) 

Absolute 
Deviation from 
Literature (%) 

298 7.9 1.2 15 - - 
303 9.2 1.8 20 9.8 6.1 
313 14 1.5 11 17 16 
323 19 1.6 8.3 19 0.46 
333 24 1.7 7.1 29 18 



 
22 

Table 11. Experimental solubility data of FDCA in water at different temperatures, including statistical 
parameters and literature comparison. 

 

Figure 7 illustrates the solubility profile of FDCA in water as a function of temperature. 
Although FDCA exhibited the lowest absolute solubility among the investigated 
intermediates, the results clearly demonstrate an increase in solubility with increasing 
temperature. The comparatively low solubility of FDCA may facilitate product recovery 
through precipitation and crystallisation during downstream processing.  

 

Figure 7. Solubility of FDCA in the temperature range 298–333 K. The lines connecting the experimental data 
points are included only as a visual guide and do not represent a fitted model. 

 

Temperature 
(K) 

Solubility 
FDCA (g/L) 

Standard 
Deviation, 

s 

Relative Standard 
Deviation, RSD (%) 

Literature FDCA 
Solubility (g/L) 

Absolute 
Deviation from 
Literature (%) 

298 1.1 0.16 14 1.1 3.8 
303 1.1 0.10 12 1.1 3.5 
313 1.8 0.15 8.4 1.6 8.1 
323 2.7 0.072 2.7 2.2 24 
333 3.7 0.20 5.3 3.3 13 



 
23 

4.2 Solubility in Different Solvents 

Evaluation of the thermodynamic correlations showed that the modified Apelblat equation 
consistently provided higher correlation coefficient (R²) values than the Van't Hoff 
correlation and therefore offered the most accurate representation of the experimental 
solubility data. Consequently, the modified Apelblat equation was selected for further analysis 
and correlation of the experimental results. The corresponding Van't Hoff fittings are 
presented in Appendix B (Figures B1–B12) and generally exhibited lower R² values than the 
modified Apelblat correlations.  

The experimentally determined solubility data of DFF, HFCA, FFCA, and FDCA in water, 
cyclohexanone, and methyl isobutyl ketone (MIBK) in the temperature range 298–333 K are 
presented in Figures 8–11. The markers are experimental data and the solid lines represent 
the modified Apelblat fitting. The fitted curves obtained using the modified Apelblat equation 
showed good agreement with the experimental data for all investigated analytes and solvent 
systems, indicating that the correlation was suitable for describing the temperature 
dependence of solubility. Furthermore, the relatively small error bars observed for most 
measurements indicate good experimental reproducibility across the investigated 
temperature range. 

A general trend observed for all HMF oxidation intermediates was an increase in solubility 
with increasing temperature in all investigated solvents. This behaviour is consistent with 
endothermic dissolution processes and agrees with previously reported temperature-
dependent solubility data for DFF and HFCA presented in Table 5 (24,27,28). In general, 
increasing temperature promotes dissolution by increasing molecular motion and weakening 
intermolecular interactions between solute molecules. 

The solvent type had a significant influence on the solubility behaviour of the investigated 
compounds. DFF exhibited relatively low solubility in water, while substantially higher 
solubility values were observed in the organic solvents cyclohexanone and MIBK, as shown in 
Figure 8. This behaviour can be attributed to the relatively non-polar character of DFF and its 
limited ability to form hydrogen-bonding interactions with water. Consequently, DFF 
exhibited greater solubility in the less polar organic solvents than in water. The corresponding 
Van't Hoff fittings for DFF are presented in Figures B1–B3 in Appendix B. 
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Figure 8. Experimental solubility data of DFF in water, cyclohexanone, and MIBK in the temperature range 
298–333 K, including fitted curves obtained using the modified Apelblat equation. Error bars represent standard 
deviation. 

In contrast, HFCA exhibited significantly higher solubility in water and cyclohexanone 
compared to MIBK, Figure 9. The increased aqueous solubility of HFCA can be explained by 
the presence of both hydroxymethyl and carboxylic acid functional groups, which increase 
molecular polarity and promote hydrogen bonding interactions with water molecules. The 
corresponding HFCA Van't Hoff fittings are presented in Figures B4–B6 in Appendix B. 

 

Figure 9. Experimental solubility data of HFCA in water, cyclohexanone, and MIBK in the temperature range 
298–333 K, including fitted curves obtained using the modified Apelblat equation. Error bars represent standard 
deviation. 
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The solubility behaviour of FFCA, presented in Figure 10, showed intermediate characteristics between 
DFF and FDCA. The highest solubility was observed in cyclohexanone, while water and MIBK 
displayed similar solubility values at elevated temperatures. The presence of both aldehyde and 
carboxylic acid functionalities contributes to moderate polarity and favourable interactions with both 

aqueous and organic solvents. The corresponding Van't Hoff fittings for FFCA are presented in 
Figures B7–B9 in Appendix B. 
 

 

Figure 10. Experimental solubility data of FFCA in water, cyclohexanone, and MIBK in the temperature range 
298–333 K, including fitted curves obtained using the modified Apelblat equation. Error bars represent standard 
deviation. 

Among the investigated intermediates, FDCA exhibited significantly lower solubility than the other 
analytes in all solvent systems, as shown in Figure 11. This behaviour is likely associated with the 
dicarboxylic acid structure of FDCA, which promotes strong intermolecular interactions and reduces its 

tendency to dissolve. Despite the generally low solubility values, cyclohexanone showed higher 
FDCA solubility compared to water and MIBK. The corresponding Van't Hoff fittings for 
FDCA are presented in Figures B10–B12 in Appendix B. 
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Figure 11. Experimental solubility data of FDCA in water, cyclohexanone, and MIBK in the temperature range 
298–333 K, including fitted curves obtained using the modified Apelblat equation. Error bars represent standard 
deviation. 

 

The comparatively low solubility of FDCA may provide opportunities for in situ product 
separation through precipitation during oxidation processes. Such behaviour could be 
advantageous in downstream processing, as precipitation-driven separation may simplify 
product recovery and reduce purification requirements. 

Overall, cyclohexanone exhibited the highest solubility for most investigated analytes, 
whereas MIBK generally resulted in lower solubility values, particularly for the more polar 
oxidation intermediates. 

4.3 Effect of pH on Solubility  

The effect of pH on the aqueous solubility of DFF, HFCA, FFCA, and FDCA was investigated 

at 298 K in the pH range 8–10. The pH range investigated in this work was selected to 
represent the mildly alkaline conditions commonly reported for catalytic oxidation of HMF to 
FDCA (19,20,22,23). Consequently, the observed solubility trends are directly relevant to 

reaction media used in FDCA production processes. The experimentally determined solubility 

data are presented in Figures 12–15. For most investigated compounds, solubility increased 

with increasing pH, although the magnitude of the effect varied considerably between the 

analytes. This behaviour can be attributed to changes in molecular ionisation, which enhance 

the interaction between the solute molecules and water. In addition, the error bars generally 

decreased with increasing pH, indicating improved experimental reproducibility under more 

alkaline conditions. 

Figure 12 presents the solubility of DFF as a function of pH. A moderate increase in solubility 
was observed between pH 8 and 9, followed by a decreases with pH 10. Since DFF does not 
contain a carboxylic acid group, the effect of pH was less pronounced than for the acidic 
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oxidation intermediates. The relatively small increase suggests that alkaline conditions only 
moderately influence the aqueous solubility of DFF within the investigated pH range. 

 

Figure 12. Solubility of DFF in the pH range 8–10 at 298 K. Error bars represent standard deviation. 

Figure 13 shows the pH-dependent solubility of HFCA. A clear increase in solubility was 
observed with increasing pH, which can be attributed to deprotonation of the carboxylic acid 
group and formation of the corresponding carboxylate species. The increased ionic character 
enhances interactions with water molecules and consequently improves aqueous solubility. 
The most pronounced increase occurred between pH 8 and 9, suggesting that ionisation 
becomes increasingly significant within this pH range. 
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Figure 13. Solubility of HFCA at 298 K in the pH range 8–10. Error bars represent standard deviation. 

The solubility behaviour of FFCA is presented in Figure 14. Little change in solubility was 
observed between pH 8 and 9, whereas a modest increase occurred at pH 10. This trend 
indicates that increasing pH promotes the dissolution of FFCA, although the effect was less 
pronounced than for HFCA.

 

Figure 14. Solubility of FFCA in the pH range 8–10 at 298 K. Error bars represent standard deviation. 
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Figure 15 presents the solubility of FDCA at different pH values. In contrast to the other 
investigated analytes, FDCA exhibited a slight decrease in solubility with increasing pH over 
the investigated pH range. This trend differs from the behaviour commonly expected for 
carboxylic acids and may reflect the limited pH range investigated, experimental uncertainty, 
or specific interactions occurring in the solution. Nevertheless, the observed changes were 
relatively small, indicating that FDCA solubility was only weakly affected by pH within the 
investigated range. 

 

Figure 15. Solubility of FDCA in the pH range 8–10 at 298 K. Error bars represent standard deviation. 
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5 Conclusion 

The aim of this bachelor thesis was to investigate the solubility behaviour of the 5-
hydroxymethylfurfural (HMF) oxidation intermediates 2,5-diformylfuran (DFF), 5-
hydroxymethyl-2-furancarboxylic acid (HFCA), 5-formyl-2-furancarboxylic acid (FFCA), and 
2,5-furandicarboxylic acid (FDCA) in selected solvent systems, with particular focus on the 
influence of temperature and pH. To achieve this, solubility measurements were performed in 
water, cyclohexanone, and methyl isobutyl ketone (MIBK) over the temperature range 298–
333 K, and the resulting data were analysed using thermodynamic correlations. 

The results demonstrated that temperature had a positive effect on the solubility of all 
investigated compounds. In water at 298 K, DFF, HFCA, FFCA, and FDCA exhibited 
solubilities of 10, 27, 7.9, and 1.1 g/L, respectively, increasing to 33, 83, 24, and 3.7 g/L at 333 
K. HFCA consistently exhibited the highest aqueous solubility, whereas FDCA displayed the 
lowest solubility throughout the investigated temperature range. Overall, the experimentally 
determined values showed reasonable agreement with available literature data, supporting 
the reliability of the applied experimental methodology. Comparison with peer-reviewed 
literature data showed deviations generally ranging between approximately 1.0 and 24%. 
Larger deviations were observed for HFCA; however, the available reference value originated 
from a non-peer-reviewed database and should therefore be interpreted with caution. 

The choice of solvent was found to have a significant influence on solubility behaviour. 
Cyclohexanone generally provided the highest solubility values for the investigated oxidation 
intermediates, with DFF reaching a maximum solubility of 141 g/L at 323 K, compared to 
approximately 20 g/L in water at the same temperature. In contrast, MIBK resulted in lower 
solubility values, particularly for the more polar compounds. DFF exhibited substantially 
higher solubility in the organic solvents than in water, whereas HFCA, FFCA, and FDCA 
displayed behaviour consistent with their increased polarity and ability to participate in 
hydrogen-bonding interactions. 

The modified Apelblat equation successfully described the temperature dependence of 
solubility for all investigated solvent systems and provided a better fit to the experimental 
data than the Van't Hoff correlation. The good agreement between experimental data and 
correlation predictions indicates that the modified Apelblat equation is suitable for 
correlating the solubility behaviour of HMF oxidation intermediates within the investigated 
temperature range. 

The effect of pH on aqueous solubility varied between the investigated compounds. HFCA and 
FFCA exhibited increased solubility with increasing pH, whereas DFF showed only minor 
changes. In contrast, FDCA displayed a slight decrease in solubility over the investigated pH 
range. These observations demonstrate that the influence of pH is compound-specific and 
depends strongly on molecular structure and acid–base behaviour. 

The experimental methodology based on equilibrium saturation followed by HPLC 
quantification proved suitable for generating consistent solubility data for all investigated 
compounds and solvent systems. The approach enabled systematic evaluation of both 
temperature and pH effects and produced data that could be successfully correlated using 
thermodynamic models. However, the applicability of the results is limited by the investigated 
temperature range and the relatively narrow pH interval studied. 

Overall, the generated data contribute to a better understanding of the behaviour of HMF 
oxidation intermediates and may support the design of future oxidation, separation, and 
purification processes for FDCA production. A limitation identified during this work was the 
relatively narrow pH range investigated. Since literature studies have reported more 
pronounced pH effects under strongly alkaline conditions, further work should examine a 



 
31 

wider pH range and investigate the underlying mechanisms governing pH-dependent 
solubility. In addition, future studies should determine liquid–liquid distribution coefficients 
between aqueous and organic phases and evaluate the implications of solubility behaviour for 
biphasic oxidation systems and FDCA recovery processes. 
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Appendix A: Calibration 

Calibration curves were prepared for DFF, HFCA, FFCA, and FDCA to enable quantitative 
determination of analyte concentrations by HPLC. The calibration curves were constructed by plotting 
chromatographic peak area against analyte concentration using the external calibration. 
 
Figures A1–A4 present the calibration curves obtained using the refractive index detector (RID) for 
DFF, HFCA, FFCA, and FDCA, respectively. Due to co-elution between FDCA and cyclohexanone in 
selected samples, additional calibration using a diode array detector (DAD) at 210 nm was performed 
for FDCA, as shown in Figure A5. All calibration curves demonstrated good linearity with correlation 
coefficients (𝑅2) greater than 0.99, confirming the suitability of the calibration models for quantitative 
analysis. 

 

 

Figure A1. Calibration curve for DFF quantification obtained using an RID detector, showing the linear 
relationship between DFF concentration and peak area (R2=0.999). 
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Figure A2. Calibration curve for HFCA quantification obtained using an RID detector, showing the linear 
relationship between HFCA concentration and peak area (R2=0.997). 

 

 

Figure A3. Calibration curve for FFCA quantification obtained using an RID detector, showing the linear 
relationship between FFCA concentration and peak area (R2=0.9999). 
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Figure A4. Calibration curve for FDCA quantification obtained using an RID detector, showing the linear 
relationship between FDCA concentration and peak area (R2=0.9996). 

 

 

Figure A5. Calibration curve for FDCA quantification obtained using a DAD detector at a wavelength of 210 nm, 
showing the linear relationship between FDCA concentration and peak area (R2=0.9961). 
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Appendix B: Van’t Hoff Correlations 

The Van’t Hoff plots presented in Figures B1–B12 were used to evaluate the relationship 
between solubility and temperature for each analyte and solvent system. Linear regression of 
ln(x) against 1/T was performed according to the Van’t Hoff equation, allowing estimation of 
the thermodynamic parameters associated with dissolution. The plots also provide a visual 
assessment of the temperature dependence of solubility and the suitability of the Van’t Hoff 
correlation for the investigated systems. 

 

 
Figure B1. Van’t Hoff plot for experimental DFF solubility data in water in the temperature range 298–333 K. 

 
Figure B2. Van’t Hoff plot for experimental DFF solubility data in cyclohexanone in the temperature range 298–
333 K. 
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Figure B3. Van’t Hoff plot for experimental DFF solubility data in MIBK in the temperature range 298–333 K. 

 
 
 

 
Figure B4.Van’t Hoff plot for experimental HFCA solubility data in water in the temperature range 298–333 K. 

 
Figure B5. Van’t Hoff plot for experimental HFCA solubility data in cyclohexanone in the temperature range 
298–333 K. 
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Figure B6. Van’t Hoff plot for experimental HFCA solubility data in MIBK in the temperature range 298–333 K. 

 

 
Figure B7. Van’t Hoff plot for experimental FFCA solubility data in water in the temperature range 298–333 K. 

 
Figure B8. Van’t Hoff plot for experimental FFCA solubility data in cyclohexanone in the temperature range 
298–333 K. 
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Figure B9. Van’t Hoff plot for experimental FFCA solubility data in MIBK in the temperature range 298–333 K. 

 
 

 
Figure B10. Van’t Hoff plot for experimental FDCA solubility data in water in the temperature range 298–333 K. 

 
Figure B11. Van’t Hoff plot for experimental FDCA solubility data in cyclohexanone in the temperature range 
298–333 K. 

y = -2181.2x + 9.6893
R² = 0.9919

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0030 0.0030 0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034 0.0034

ln
 (

S
o

lu
b

il
it

y
)

1/Temperature (1/K)

Van't Hoff Plot for FFCA Solubility in MIBK

y = -3671.4x + 12.321
R² = 0.981

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0030 0.0030 0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034 0.0034

ln
 (

S
o

lu
b

il
it

y
)

1/Temperature (1/K)

Van't Hoff Plot for FDCA Solubility in Water

y = -2078.5x + 7.7915
R² = 0.9422

0.0

0.5

1.0

1.5

2.0

0.0030 0.0030 0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034 0.0034

ln
 (

S
o

lu
b

il
it

y
)

1/Temperature (1/K)

Van't Hoff Plot for FDCA Solubility in 
Cyclohexanone



 
VIII 

 
Figure B12. Van’t Hoff plot for experimental FDCA solubility data in MIBK in the temperature range 298–333 K. 
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Appendix C: Apelblat Parameters 

The regression coefficients obtained from fitting the modified Apelblat equation to the 

experimental solubility data are presented in Tables C1–C3. The tables include the fitted 

correlation parameters (A, B, and C) for all analytes in water, cyclohexanone, and methyl 

isobutyl ketone (MIBK). These parameters were used to generate the fitted solubility curves 

presented in Section 3.2. 

Table C1. Regression coefficients and 95% confidence intervals obtained from the modified Apelblat equation for 
analytes in water. 

Analyte A (95% CI) B (95% CI) C (95% CI) 

DFF -327.82 12763.61 50.44 

HFCA 197.04 -12049.51 -26.93 

FFCA 348.55 -18844.61 -49.72 

FDCA -273.90 9664.97 42.39 

 

Table C2. Regression coefficients and 95% confidence intervals obtained from the modified Apelblat equation for 
analytes in cyclohexanone. 

Analyte A (95% CI) B (95% CI) C (95% CI) 

DFF 228.27 -10914.90 -32.81 

HFCA 111.82 -6938.62 -14.94 

FFCA -300.59  12331.61 46.09 

FDCA -90.87 2518.87 14.61 

 

Table C3. Regression coefficients and 95% confidence intervals obtained from the modified Apelblat equation for 
analytes in MIBK. 

Analyte A (95% CI) B (95% CI) C (95% CI) 

DFF -317.41  13053.08 48.70  

HFCA -513.31  21663.18 77.66  

FFCA -34.38 -127.57 6.53  

FDCA 157.37  -9677.03 -22.15 
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