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Abstract 

The production of value-added chemicals through fermentation has been practised for 

decades.  The productivity of fermentation systems is hindered by end-product inhibition.  

A compromise always must be drawn with respect to the environmental and economic 

sustainability of the separation and recovery technologies.  Drawbacks in the industrial 

applicability of fermentation to produce alcohols and carboxylic acids have led to 

intensive research towards extractive fermentation processes.  Reactive extraction is a 

comparatively new technology that can be applied for extractive fermentation.  The 

reactive extraction principle is based on the occurrence of a reversible chemical reaction 

between the solute and an extractant, which facilitates the distribution of the solute 

between two immiscible phases.  The availability of cheap, effective, biocompatible, and 

environmentally sustainable extractants remain a challenge.   

Ionic liquids (ILs) have been identified as designer solvents, and therefore this study 

focuses on the preparation, characterization, and application of a customized IL in the 

reactive extraction of carboxylic acids from aqueous solution.  The application of 1-(6-

hydroxyhexyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, (IL-OH) as a 

reactive extractant for carboxylic acids from aqueous solution was investigated.  It is 

postulated that during the reactive extraction of carboxylic acids with IL-OH, the reactive 

extraction is driven by an acid-catalysed esterification reaction, which in turn produces 

1-(hexyl-4-oxopentanoate)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

(IL-Ester). 

The behaviour of the IL-OH and IL-Ester in the presence of an aqueous environment was 

investigated to determine phase miscibility.  The effect of the initial pH of the aqueous 

phase as well as the initial amount of acid catalyst (methanesulfonic acid) present on the 

miscibility of IL-OH and water were investigated.  The aqueous solubility of IL-OH in 

the pH range 1.0 – 7.5 was nearly constant around 2.7 g L-1.  As the initial amount of 

methanesulfonic acid was increased within the range 1 – 12 wt.%, the solubility of IL-

OH in water slightly fluctuates around 2.4 g L-1.  On the other hand, approximately 56 - 

62 mg g-1 of water dissolved in the IL, irrespective of the pH of the aqueous phase or the 

initial amount of methanesulfonic acid present.  A similar trend was observed with respect 

to IL-Ester.  
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The reactive extraction of carboxylic acids with IL-OH was investigated using fumaric 

and levulinic acids as model carboxylic acids.  The initial concentration of fumaric and 

levulinic acid was in the range 0.003 – 0.034 and 0.059 – 0.323 M, respectively.  The 

distribution coefficient for fumaric and levulinic acid were in the ranges 2.7 – 3.9 and 

11.3 – 29.9, respectively.  Similarly, the extraction efficiencies for fumaric acid and 

levulinic acid were in the ranges 73.2 – 79.9% and 91.9 – 96.8%, respectively.   

The extracted carboxylic acid was recovered from the IL phase by means of an acid-

catalysed transesterification reaction.  The effects of reactants’ molar ratio (1:3 and 1:10), 

reaction temperature (85 – 115 °C), and catalyst loading (0 – 5 wt.%) on the 

transesterification of IL-Ester with butanol were investigated.  An optimal conversion 

(92.29%) of IL-Ester to butyl levulinate and IL-OH was achieved at 85 °C, using an IL-

Ester-to-butanol molar ratio of 1:10 in the presence of 1 wt.% methanesulfonic acid as a 

catalyst. An isolation protocol for the recovery of butyl levulinate from the 

transesterification mixture was developed.  At least 95% of the excess butanol was 

recovered from the reaction mixture by means of vacuum distillation.   

The regenerated IL-OH was characterized by means of FTIR spectroscopy, 1H NMR, and 

19F NMR spectrometry.  Furthermore, the composition of the regenerated IL-OH was 

determined with respect to both the cation and anion.  The cations in the regenerated IL-

OH were identified and quantified by means of HPLC.  The anion was identified and 

quantified by means of 19F NMR spectrometry.  It was found that the sum of IL cations 

determined from HPLC analysis was consistent and the amount of the [NTf2]
− determined 

from 19F NMR.    

The environmental fate of chemical compounds can be estimated based on the octanol-

water partition coefficient (KOW) of the compounds.  KOW values for IL-OH and IL-Ester 

were measured experimentally, and were found to be 0.0194 and 0.2059, respectively.  It 

can be concluded that presence of IL-Ester and IL-OH in the environment present low 

risk of bioaccumulation of the respective species.    

Data derived from this study will serve as a basis for the design of IL-based reactive 

extraction systems, incorporating minor modifications, adjustments, and optimizations 

where necessary.   
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1 Introduction 

Carboxylic acids are a group of organic compounds appended with a carboxyl functional 

group, -COOH.  Like any other organic compounds, the physicochemical properties of 

carboxylic acids are dependent on their molecular structure.  The number and position of 

carboxyl functional groups, presence of other functionalities, and chain length of the 

carboxylic acid determine the behaviour of individual carboxylic acids.  As a result, 

carboxylic acids find use in a wide range of applications.  Carboxylic acids are central 

ingredients in the food, pharmaceutical, paint, adhesive, preservative, cosmetic, and 

agriculture industries amongst others.   

While carboxylic acids available on the commercial market are often derived from 

petroleum resources, the drive towards environmental sustainability favours the 

development and adoption of biochemical pathways in biorefineries for their production.  

The feed used in biorefineries cover a wide range of renewable materials.  Both first-

generation and second-generation feeds have been successfully used to produce 

carboxylic acids [1, 2].   

However, the recovery and isolation of carboxylic acids from the fermentation broth 

remains a major drawback in biorefineries  [1-4].  The fermentation broth is a complex 

mixture of the solute of interest, by-products, and the fermentation microbes.  The 

conventional recovery of the carboxylic acid from the broth often involves a combination 

of unit operations which include isolation, recovery, concentration, acidification, and 

purification of the solute.   It is estimated that the downstream separation costs range well 

above 50% of the overall processing costs [1, 2, 5, 6].  Therefore, there is a need for 

efficient and cost-effective separation protocols for the recovery of carboxylic acids from 

aqueous solution.   

1.1 Recovery of carboxylic acids from aqueous solution 

The recovery of carboxylic acids from aqueous solutions is influenced by the  type of the 

carboxylic acid, the concentration of the acid in solution and the composition of the 

solution from which the acid is to be extracted [1].  As a result, there is no universal 

method of recovery of carboxylic acids from fermentation broths.  Table 1.1 shows 

examples of some of the common methods used for the recovery of carboxylic acids from 
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aqueous solution and briefly mentions the operating principle and the limitations of each 

method.     

Table 1.1: Processes used for the recovery of carboxylic acids from aqueous solution. 

Process Concept Limitations Ref 

Distillation Recovery of the carboxylic acid 

from aqueous solution based on 

differences in volatility from the 

other components in the matrix.   

Carboxylic acids have 

low volatility and tend 

to occur at very low 

concentrations in the 

broths.  Therefore, 

distillation becomes 

energy intensive and 

can possibly result in 

undesirable product 

transformations. 

[7] 

Precipitation Formation of the insoluble 

calcium salt of the carboxylic 

acid by using either calcium 

carbonate (CaCO3) or calcium 

hydroxide (Ca(OH)2), with the 

subsequent reacidification of the 

salt  with sulfuric acid, H2SO4. 

The use of H2SO4 to 

recover the carboxylic 

acid from the calcium 

salt leads to the 

production of an excess 

of calcium sulfate 

(CaSO4) as a solid 

waste. 

[1, 3] 

Ion-exchange Selective adsorption of the 

undissociated carboxylic acid 

molecules on ionic resins.   

 

The recovery of the 

adsorbed acid from the 

resin requires additional 

chemicals.  In addition, 

ion-exchange resins are 

costly. 

[7, 8] 

Solvent 

extraction 

Distribution of the carboxylic 

acid between two immiscible 

phases based on preferential 

solubility of the solute in the 

extractant solvent. 

 

Limited transfer of the 

carboxylic acid from the 

aqueous phase due to 

low activity coefficients 

of the organic acids in 

water.  Requires the use 

of volatile and toxic 

solvents.   

[9] 

Reactive 

extraction  

Recovery of solute from aqueous 

phase into an immiscible 

extractant by means of a 

chemical reaction between the 

targeted solute and the extractant.   

Unavailability of 

compatible extractants 

with high performance 

characteristics.  Solvent 

regeneration is difficult. 

[10, 11] 
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It is evident that there is a need for innovation with regards to separation technologies in 

biorefineries.  Efficient and cost-effective methods of separation in biorefineries will 

heighten the competitive advantage of bio-based carboxylic acids on the market.   

1.2  Reactive extraction of carboxylic acids from aqueous solutions 

In general, the applicability of continuous distillation as a method of separation and 

recovery of substances from solution is limited by technical and economic feasibility.  For 

example, heat sensitive solutes and azeotropic mixtures can be very difficult to purify.  In 

the case of carboxylic acids, high boiling points hamper separation by distillation.  As a 

result, solvent extraction is often employed to compensate for such limitations.  The 

energy consumption associated with solvent extraction followed by distillation to remove 

the solvent is often lower than direct distillation.     

Reactive extraction increases extraction yields with relatively low amounts of extractant 

by way of enhancing the capacity of the solvent.  Furthermore, the chemical reaction 

enhances the selectivity of the solvent towards the solute.  Hence, the application of 

reactive extraction in the recovery of carboxylic acids from dilute aqueous solutions is a 

promising technique.  Furthermore, reactive extraction can be conducted simultaneously 

with the reaction to the desired product, which allows for the in situ removal of the 

accumulating product thereby reducing chances of end-product inhibition during 

fermentation.  In the absence of toxic metabolites, such as fermentation products, the 

productivity of the microbes is significantly enhanced.   

Solvent properties are critical to the performance of a reactive extractant.  Viscosity, 

biocompatibility, capacity, and availability are some of the key considerations in the 

selection criteria for reactive extractants.     

1.2.1 Categorization of extraction concepts 

The mechanism behind the extraction of carboxylic acids from aqueous solution is 

dependent on the behaviour of the acid proton towards the solvent (extractant).  As a 

result, solvents used for the extraction of carboxylic acids from aqueous solutions are 

classified into three distinct categories as described by Kertes and King [3].  The first 

category of extractants is comprised of inert hydrocarbons, oxygen bearing solvents, as 

well as substituted hydrocarbons as shown in Figure 1.1.  The extractability of the 
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carboxylic acids by these solvents is dependent on the physical partitioning of the acid 

between the aqueous phase and the organic solvent.   

 

Figure 1.1: Examples of inert extractants. 

The second category of extractants is based on organophosphorus solvents such as tributyl 

phosphate (TBP).  These solvents have a phosphorous-bonded oxygen, which is central 

to the solvation of the carboxylic acids [3].  The chemical structure of TBP is presented 

in Figure 1.2. 

 

Figure 1.2: Chemical structure of tributyl phosphate. 

The extractability of the carboxylic acid from the aqueous phase is dependent on the 

extent of solvation of the carboxylic acid molecules.  For example, Shakya et al. [12] and 

Firdous and Ahmad [13] reported the use of tributyl phosphate in the recovery of acetic 

and valeric acid, respectively.   

The third category of extractants is based on the extraction due to proton transfer, ion-

pair formation and hydrogen bonding between the carboxylic acid and the solvent 

molecules.  Long-chain tertiary amines are usually the preferred choice of solvent.  Canari 

and Eyal [14] investigated the extraction of carboxylic acids by amine-based extractants 

such as tris(2-ethylhexyl) amine (TEHA), and trioctylamine (TOA).  The chemical 

structures of TEHA and TOA are shown in Figure 1.3.  Their study concluded that if the 

corresponding anion of the extracted carboxylic acid is a weaker base than the tertiary 

amine used for the extraction, i.e., pKa (amine) > pKa (acid), a protonated amine is formed 
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due to ion-pair formation.  This is an equilibrium reaction, and the extent of proton 

transfer depends on the difference in the pKa values.  However, if pKa (amine) < pKa 

(acid), then the contribution of ion-pairing is insignificant, such that the extraction of the 

carboxylic acid is dependent on the extent of hydrogen bonding between the carboxylic 

acid and the tertiary amine.   

 

Figure 1.3: Examples of tertiary amines used for the extraction of carboxylic acids from 

aqueous solution. 

The extraction of carboxylic acids by solvents belonging to the first two categories is 

driven by physical phenomena.  However, the extraction of carboxylic acids from 

aqueous solution by tertiary amines is considered as reactive extraction [3, 15-18].  The 

extraction mechanism is based on neutralization of the carboxylic acid by the amine.  It 

must be emphasized that just like ammonia, amines are weak bases, and therefore they 

react with acids to form alkylammonium salts as shown in Scheme 1.1.  Therefore, the 

extraction of carboxylic acids from aqueous solutions with tertiary amines (R3N) is driven 

by the reversible neutralization equilibrium, with the resulting salt being preferentially 

soluble in the organic phase. 

 

Scheme 1.1: Neutralization of carboxylic acids with tertiary amines. 

Recent reports indicate the successful use of tertiary amines as reactive extractants for 

carboxylic acids from aqueous solution [15, 19-21].  Kertes and King investigated the 
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extractability of carboxylic acids with long-chain tertiary aliphatic amines [3].  The 

extractability of the carboxylic acids was linked to the formation of alkylammonium salts, 

where there is ion-pair association between the alkylammonium and carboxylate ions.   

The high viscosities of tertiary amines tend to complicate dispersion during application, 

thereby reducing mass transfer efficiency.  However, physicochemical properties such as 

density, viscosity, and surface tension of the organic phase can be modified through use 

of diluents [22, 23].  Furthermore, diluents tend to stabilize the alkylammonium salt [11].   

The diluents used in the extraction of carboxylic acids from aqueous solutions are 

classified based on polarity [24].  Active diluents are polar solvents, they promote the 

solvation of the acid-amine complex into the organic phase.  Inactive diluents are non-

polar solvents with a characteristic poor solvation of the acid-amine complex formed 

during the extraction.  The different classes of diluents are shown in Table 1.2.   

Table 1.2: Classes of solvents used in reactive extraction of carboxylic acids. 

Active diluents Inactive diluents 

Chlorinated solvents Alkanes  

Alcohols  Benzene  

Ketones  Alkyl substituted aromatic solvents 

Halogenated aromatic solvents  

Interestingly, a fourth category of extractants can be conceptualised, where the extractant 

features chemical moieties that undergo reaction with the compound to be extracted, 

forming more stable covalent bonds than those of the above-mentioned reactive 

extractions by neutralization.  At present, this category has not received much attention 

in the literature, and to the best of the author’s knowledge, the application of this fourth 

category of extraction has not been reported.  Although in principle also a type of reactive 

extraction, the extent of the reaction is not dependent on the difference in the pKa values 

of the extractant and the corresponding anion of the carboxylic acid.  The extent of the 

reaction is dependent on the equilibrium yield, which can be influenced if, according to 

Le Chatelier, the co-product of the reaction is removed.  In this study, a hydroxyl-

functionalized extractant is used, which lends itself ideally for an esterification reaction 

with the carboxylic acid.  As will be shown in this thesis, the co-product of the 
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esterification, water, is partially removed, because the esterification occurs in a second 

liquid phase.  The carboxylic acid is recovered either as such, or as an alternative ester, 

by either adding water (ester hydrolysis) or an alcohol (transesterification).  

The main advantages of this type of reactive extraction over any of the above-mentioned 

alternative separation and recovery methods include high capacity, ease of scale-up, high 

selectivity, reduced downstream processing, adaptability to operating conditions, and 

reusability of the extractant [6].  In this study, whenever the term “reactive extraction” is 

used, reference is made to the fourth category of extraction concepts, although certain 

aspects may also pertain to the third category. 

1.2.2 Limitations in the reactive extraction of carboxylic acids  

The application of amine-based reactive extraction in the recovery of carboxylic acids 

from aqueous solution is yet to be adopted at an industrial scale.  The development of an 

efficient extractant system for extractive fermentation is still an area of active research.  

In 2018, Djas and Henczka reviewed the use of organic solvents and supercritical fluids 

for the reactive extraction of carboxylic acids from aqueous solution [21].  The review 

concluded that the use of organic solvents as reactive extractants is mostly limited by the 

following factors: 

• toxicity of the solvents (amines),  

• unavailability of biocompatible solvents with high extraction capacity, 

• lack of environmentally sustainable solvents, and 

• difficulties in the regeneration of the organic phase. 

1.2.3 Application of ionic liquids in the extraction of carboxylic acids  

The discovery of ionic liquids (ILs) dates back about one century, with the earliest reports 

from 1914, where Paul von Walden reported ethylammonium nitrate [EtNH3][NO3] as a 

molten salt with a melting point of 12 °C [25].  The definition of ILs has evolved over the 

years as scientists improved their understanding of the concept [25-28].  In principle, ILs 

are salts that are comprised of organic cations paired to inorganic anions and the salts 

have a melting point lower than 100 °C.  ILs should not be mistaken for ionic solutions, 

where a salt is dissolved in a molecular solvent.   
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The wide liquidus range, negligible vapour pressure, and high thermal stability are some 

of the remarkable physicochemical properties of ILs [27].  The most investigated groups 

of ILs include the 1-alkyl-3-methylimidazolium and 1-alkylpyridinium cations.  Inserting 

functionalities such as hydroxyl, amine, ether, ester, carboxyl, among others, within the 

IL allows for the preparation of functionalized ILs.   

The application of ILs in the extraction of carboxylic acids has been reported [29, 30], 

and in certain cases, the term reactive extraction is used incorrectly, and the extraction 

mechanism does not involve a chemical reaction in the true sense.  For example, Marták 

and Schlosser [31] proposed a detailed mechanism for the extraction of butyric acid with 

phosphonium-based ILs such as trihexyl(tetradecyl)phosphonium bis(2,4,4-

trimethylpentyl) phosphinate (Cyphos IL-104) in dodecane.  As described in Section 

1.2.1, Cyphos IL-104 falls in the second category of extractants, and its chemical structure 

is shown in Figure 1.4.  Their investigation highlighted that the extraction of butyric acid 

occurs via the simultaneous occurrence of multiple mechanisms.  Firstly, the butyric acid 

extracted due to the interactions between butyric acid and dodecane, and this was 

identified as physical extraction.   

 

 

Figure 1.4: Chemical structure of Cyphos IL-104. 

Secondly, the solvation of butyric acid molecules with Cyphos IL-104 was considered as 

competitive reactive extraction.  Thirdly, the interactions between the extracted butyric 

acid and the free butyric acid were considered as non-competitive reactive extraction.  

The extractability of the carboxylic acid from the aqueous phase into the IL phase is 

attributed to electrostatic and hydrogen bonding between the IL and the carboxylic acid.  
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Hence, it is evident that the extractability of butyric acid with Cyphos IL-104 is not driven 

by a chemical reaction but electrostatic interactions.   

Marták and Schlosser [32] also investigated the extraction of lactic acid from aqueous 

solution using phosphonium-based ILs, such as Cyphos IL-101, Cyphos IL-104, Cyphos 

IL-105, and Cyanex 272.  At 25 °C, the pKa of lactic acid is 3.86 and at low pH values of 

the aqueous phase, only undissociated lactic acid is present.  It was observed that the 

distribution of lactic acid into the solvent phase decreased significantly with increasing 

pH, suggesting that the extraction mechanism is driven by hydrogen bond coordination.    

Bai et al. [33] investigated the extraction of methacrylic acid from aqueous solution using 

a series of imidazolium-based ILs with the same cation but different anions, namely 

[BF4]
−, [NTf2]

−, and [PF6]
−.  It was concluded that the extraction efficiency of the ILs 

depended on the formation hydrogen bonding between methacrylic acid and the ILs, 

respectively.  The interactions between methacrylic acid and the ILs were systematically 

studied via FTIR spectroscopy.  It was observed that methacrylic acid tends to dimerize 

and therefore has distinct vibrational band due to the surface deformation of OH---O.  

However, in the presence of [HMIM][BF4], the intensity of the marked band decreased 

with increasing mole ratio of [HMIM][BF4] in the system.  Increasing the ratio of 

[HMIM][BF4] in the system resulted in a bathochromic shift with respect to in-plane 

vibrations of O=C–O and O=C–C.  This shows evidence of hydrogen bonding between 

[HMIM][BF4] and methacrylic acid.  Similar interactions are to be expected between 1-

alkyl-3-methylimidazolium-based ILs and carboxylic acids.  This is because the ILs 

usually incorporate anions such as [BF4]
−, [NTf2]

−, and [PF6]
−, which are hydrogen bond 

acceptors.  On the other hand, the carboxyl group of carboxylic acids is a good hydrogen 

bond donor, thereby promoting hydrogen bond coordination between ILs and the 

carboxylic acids.  As pointed out above, the extraction of carboxylic acids via this 

mechanism is often incorrectly reported as reactive extraction in literature [33-36]. 

The application of ILs in the extraction of carboxylic acids from aqueous solution has 

also been extended to using ILs as diluents [37].  In a study by Ayan et al. [36], 1-hexyl-

3-methylimidazolium hexafluorophosphate ([HMIM][PF6]) and 1-hexyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide ([HMIM][NTf2]) were used as 

diluents for tributyl phosphate (TBP) in the extraction of propionic acid.  In this case, the 
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extraction mechanism can still be explained based on the solvent categories discussed in 

Section 1.2.1, and the occurrence of a chemical reaction between the carboxylic acid and 

the solvent has not been confirmed.  Examples of imidazolium-based ILs that have been 

previously used in the recovery of carboxylic acids from aqueous solution are presented 

in Table 1.3. 

Table 1.3: Extraction of carboxylic acids using imidazolium based ILs.  

IL Structure 
Acid 

extracted 
Ref 

1-hexyl-3-methylimidazolium 

hexafluorophosphate 
 

Propionic 

acid  
[36] 

1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)

imide  

Levulinic 

acid 
[38] 

1-butyl-3-methylimidazolium 

hexafluorophosphate 
 

Glycolic 

acid 
[39] 

1-octyl-3-methylimidazolium 

saccharinate 

  

Lactic 

acid 
[40] 

The introduction of additional functionality in an IL can induce additional properties such 

as catalytic activity of the IL [41-43].  The ease of preparation of functionalized ILs 

further enhances the use of ILs as designer solvents [26, 41].   

For example, Zeng et al. [44] reported the use of 1-butyl-3-methylimidazolium hydrogen 

sulfate ([BMIM][HSO4]) as a dual solvent and catalyst for the esterification of isobutyric 

acid with isobutanol to form isobutyl isobutyrate.  The Brønsted acidity of 

[BMIM][HSO4] due to the [HSO4]
− anion eliminated the need for a mineral acid catalyst 

during the esterification reaction.  Furthermore, the insolubility of esters in the isobutyl 

isobutyrate in [BMIM][HSO4] allows for a simple recovery of products after the 

esterification reaction.   

The application of ammonium-based ILs as bifunctional media to improve the separation 

of heavy and light rare earth elements from a nitrate and chloride medium, respectively, 

are further examples [45]. 
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Functionalization of the anion has been shown to be rather complex and sophisticated 

compared with functionalizing the cation [46].  This can be attributed to the nature of the 

chemical reactions involved in the synthetic pathways.  Generic examples of 

functionalized cations are shown in Figure 1.5. 

 

Figure 1.5: Examples of functionalized IL cations, where R, FG, and n are the alkyl/aryl 

substituents, the specific functional group, and the chain length, respectively. 

As stated above, the application of ILs functionalized with a reactive moiety in the 

reactive extraction of carboxylic acids is yet to be reported.  It can be imagined that the 

functionality of ILs can be customized to incorporate reactive functional groups such as 

-OH, -COOH, and -NH2, capable of reacting with carboxylic acids.  In addition, the IL 

can be designed to eliminate the need for diluents.    

1.3 Hypothesis 

Integrated process units in biorefineries enhance the valorization of biomass through 

sustainable production of biochemicals.  High costs in the downstream recovery and 

purification of carboxylic acids from solution hinder biochemical production of 

carboxylic acids at an industrial scale.  It is hypothesized that the recovery of carboxylic 

acids via reactive extraction will enhance productivity while simultaneously reducing the 

number of unit operations.  Reactive extraction is a cost-effective separation technique 

that leads to process intensification.   

The use of conventional molecular solvents as reactive extractants (of the third category) 

in extractive fermentation of carboxylic acids has been reported [47-49].  However, 

molecular solvents are highly viscous, corrosive, toxic and volatile in nature.  

Furthermore, the use additional organic solvents as diluents to alter the physicochemical 

properties of the organic phase is unavoidable.  The toxicity of the organic solvent 

towards the microorganisms in the fermentation broth is still a major concern.  The degree 
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of toxicity is entirely dependent on the combination of the microorganism and the solvent 

system.  The toxicity of the organic phase can be attributed to either extractant or diluent, 

and sometimes it is a combination of both.   

The discovery of ILs has offered almost unlimited alternatives in solvent engineering.  

The design and synthesis of functionalized ILs has further increased the specificity, 

versatility, and robustness of ILs.  Therefore, it is possible to design and synthesize an IL 

which can satisfy the solvent selection criteria for reactive extraction without the need for 

additives to enhance and optimize its performance. 

The foundation of this study lies in the idea that functionalizing the cation of a 

hydrophobic imidazolium IL with a hydroxyl moiety allows the IL to react with a 

carboxylic acid in an esterification reaction thereby extracting the carboxylic acid from 

aqueous solution.  Thus, the reactive extraction of the carboxylic acid from aqueous 

solution will specifically be driven by the esterification reaction.  A transesterification 

reaction will ensure the recovery and isolation of the carboxylic acid from the ester while 

simultaneously regenerating the IL.  The carboxylic acid will be isolated in the form of a 

value-added ester of choice.  

1.4 Aims and objectives  

The current study aims to demonstrate a proof of concept for the successful use of a 

hydroxyl-functionalized (abbreviated IL-OH herein) ionic liquid as a reactive extractant 

for carboxylic acids from aqueous solution.  To explore the aim of this study, the 

following objectives were defined: 

• Preparation and characterization of hydroxyl- (IL-OH) and ester- (IL-Ester) 

functionalized ILs, 

• Investigation of phase behaviour of IL-OH and IL-Ester ILs in the presence of 

aqueous media, 

• Extraction of levulinic acid and fumaric acid from aqueous solution with pure IL-

OH, 

• Study the acid-catalysed transesterification of IL-Ester with butanol and recovery 

of IL-OH, 
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• Development of a conceptual framework and model for the optimal reactive 

extraction of carboxylic acids from aqueous solution using IL-OH. 

1.5 Statement of novelty 

The application of tertiary amines for the reactive extraction of carboxylic acids has been 

an active area of research lately.  The advent of ILs as an alternative to molecular solvents 

offered new insights and opportunities in solvent development and engineering.  As a 

result, the applicability of ILs as reactive extractants for carboxylic acids has been 

investigated in this thesis.  The “reactive” aspect of the reactive extraction reported in the 

literature, for both tertiary amines and ILs is questionable.  In principle, the current state 

of the art of reactive extraction is based on electrostatic interactions between the solute 

and the extractant, i.e., ion-pair formation and hydrogen bonding [50].  The extractability 

of carboxylic acids from aqueous solutions with these known solvents is driven by 

solubilization, diffusion, and neutralization [34].   The application of an extractant which 

reacts with the carboxylic acids, in a chemical reaction other than neutralization, is yet to 

be reported.   

Secondly, most of the research on the application of ILs in the reactive extraction of 

carboxylic acids from aqueous solutions focuses on establishing performance parameters 

such as distribution coefficients and efficiencies.  The mechanism behind the extraction 

of carboxylic acids using ILs is either misinterpreted or not considered.  Furthermore, the 

mutual solubility between the hydrophobic ILs and the aqueous phase is usually 

neglected.  As a result, the performance of ILs from both techno-economic and 

environmental perspectives is misrepresented. 

This study presents an experimental approach with respect to the preparation and 

application of a hydroxyl-functionalized IL for the reactive extraction of carboxylic acids 

from aqueous solutions.  The hydroxyl-functionalized IL was previously (in the author’s 

Master of Science dissertation) synthesized through the alkylation of 1-methyimidazole 

with 6-chlorohexanol to form 1-(6-hydroxyhexyl)-3-methylimidazolium chloride.  The 

hydrophobic character was induced into the IL through an ion-exchange reaction with 

lithium bis(trifluoromethanesulfonyl)imide, resulting in the formation of 1-(6-

hydroxyhexyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (IL-OH) [51].   
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Additionally, the density, viscosity, thermal stability, and refractive index of binary [IL-

OH + IL-Ester] mixtures were investigated across the entire mole fraction range [51].  As 

an extension of this, in the course of the current work, a group contribution method has 

been applied to the data which allows the determination of the density of IL-OH, IL-ester 

as well as their mixtures, in dependence of temperature from refractive index data.   

One of the key outcomes of the previous work was that the density difference between 

both, IL-OH and IL-Ester, and water is greater than 0.4 g cm-3 and both ILs are 

hydrophobic and immiscible with water.  These are important aspects for their application 

in the reactive extraction: the large density difference between the IL and aqueous phases 

will allow for ease of phase separation during the application of IL-OH in aqueous 

environments and reduces the likelihood of forming emulsions.  Phase separation should 

hence readily occur.  

The targeted application of IL-OH is in the reactive extraction of carboxylic acids from 

aqueous solution.  During application, IL-OH will be exposed to large volumes of water, 

therefore mutual solubility of water and IL-OH was investigated as a function of operating 

conditions such as initial pH and catalyst loading.  This provided evidence of the extent 

to which the miscibility of IL-OH and water is influenced by operating conditions. 

The application of IL-OH for the reactive extraction of carboxylic acids from aqueous 

solution was investigated using model aqueous solutions of fumaric or levulinic acid.  In 

principle, the extraction of the carboxylic acids can be based on two extraction 

mechanisms, physical and chemical extraction.  The extractability of fumaric or levulinic 

acid was investigated under physical and chemical extraction conditions.  The operating 

conditions for physical extraction were chosen such that the occurrence of a chemical 

reaction between IL-OH and carboxylic acids was not possible.  The presence of an acid 

catalyst during chemical extraction led to the formation of IL-Ester, providing evidence 

that the extractability of the carboxylic acids could be enhanced by a chemical reaction.  

It was assumed that if all the IL phase is chemically bound to levulinic acid, then the IL 

phase is IL-Ester.  Hence, there is need to strip the extracted carboxylic acid from IL-

Ester for further downstream processing, simultaneously regenerating IL-OH for reuse.  

The stripping method is largely influenced by process characteristics.  The presence of 
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esters in the IL phase allowed for the use of a transesterification reaction to regenerate 

IL-OH and simultaneously release a value-added derivative of the carboxylic acid.  The 

acid-catalysed transesterification of IL-Ester with butanol produced IL-OH and butyl 

levulinate, a value-added derivative of levulinic acid.  A forward bias was created by 

using a large excess of butanol during the transesterification reaction.  A two-stage 

separation protocol was developed to isolate butyl levulinate from the IL phase.  This was 

achieved by initially recovering the excess butanol using vacuum distillation followed by 

solvent extraction of butyl levulinate from the IL phase using diethyl ether as a solvent.  

Finally, a possible process configuration for the reactive extraction of carboxylic acids 

using IL-OH was conceptualized.  The model incorporates both the extraction and back-

extraction stages.  A mass balance was developed for the overall process based on the 

proposed model.  Furthermore, the mass balance calculations validated the reliability and 

consistency of the measured data.  

1.6 Thesis structure  

This thesis is structured into five chapters.  The contents of each chapter are as follows: 

Chapter 1: the chapter presents an introduction which highlights an overview of the 

current research, outlines the significance of the study, and thereby establishes the 

hypothesis of the study.   

Chapter 2: the literature review presents a detailed overview of the existing literature in 

relation to the current study.  The chapter presents an evolution of the research question 

and explores the theoretical framework on which the research methodology is built.   

Chapter 3: the methodology chapter presents the experimental approach taken to address 

the research questions.   

Chapter 4: this chapter reports and discusses the findings of the study.  Observations and 

inferences made herein are assessed, evaluated, and interpreted against the aim and 

objectives of the study.   

Chapter 5: this chapter is a comprehensive assessment of the entire study, presenting 

conclusions, recommendations, and future outlook.   



2 Literature review 

This chapter presents a detailed review on the importance and development of reactive 

extraction as a method of separation and recovery for carboxylic acids from aqueous 

solution.  The theory of ILs, with special emphasis on their importance to the current 

study, is also discussed.  

2.1 The biorefinery concept 

Industrial production of chemicals and materials has evolved significantly over the past 

decades.  While the growth of the petrochemical industry characterized the 20th century, 

the need to drive towards an environmentally and economically sustainable production of 

materials was recognized at the start of the 21st century [52, 53].  Furthermore, 

conventional petrochemical routes are limited by the supply and availability of petroleum 

resources in nature.  On the other hand, biomass is an alternative and renewable feedstock 

that can replace petroleum feedstocks.   

The utilization of biomass as a feedstock has an economic value that can positively impact 

on the profit margins in industrial manufacturing [54].  Thus, the biorefinery concept 

aiming to enhance the processing and conversion of biomass materials into a wide variety 

of value-added products and energy was developed [53, 54].  The ultimate vision of the 

biorefinery concept is to transform the global economy into an environmentally and 

economically sustainable bio-based economy [55].   

Biomass feedstocks vary in terms of composition and chemistry.  As a result, biorefineries 

are classified based on feedstocks, platforms, processes, and products involved [54].  For 

example, the syngas platform is used for the Fischer-Tropsch production of biodiesel, 

while the C6 sugar platform is used to produce bioethanol.  Biorefineries utilize an 

integrated system of pathways and processes to produce value-added products.  Table 2.1 

summarizes the classification of biomass conversion pathways as discussed by Cherubini 

et al. [56].  
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Table 2.1: Classification of conversion pathways used in biorefineries [56]. 

Type       Description      Examples 

Mechanical 
- Physical separation and 

size reduction and 

separation of feedstock 

streams. 

- Maintains the structural 

integrity of the substrate.  

- Pre-treatment, 

- Milling 

- Pressing 

- Separation 

Biochemical 
- Microbial conversion of 

substrates into products. 

- Requires mild operating 

conditions. 

- Anaerobic Digestion 

- Fermentation 

- Enzymatic 

conversion 

Chemical 
- Chemical conversion of the 

substrate via a series of 

chemical reactions under 

controlled temperature and 

pressure. 

- Hydrolysis, 

- Hydrogenation 

- Transesterification 

- Oxidation 

Thermochemical  
- The substrate is exposed to 

extreme temperature and 

pressure conditions to 

achieve conversion. 

- Both catalytic and non-

catalytic. 

- Pyrolysis 

- Gasification 

- Hydrothermal 

upgrading 

 

The successful operation of a biorefinery is entirely dependent on the efficiency of unit 

operations.  The enhanced design and integration of unit operations promote productivity 

as well as expand the product range and reduce waste within the biorefinery [55]. 

2.2 Product portfolio for biorefineries 

The significant difference between biomass and petroleum feedstocks is in the heteroatom 

substitution, with a higher substitution being found in biomass [57].  This means biomass 

has an excess of functionalities that can be exploited and manipulated through different 

pathways to yield a wide range of value-added products.  Biochemicals can be 

incorporated into commodity, platform and specialty chemicals based on their properties 

and uses.  Figure 2.1 shows examples of value-added biochemicals [52, 58-61].   

The transformation of biomass into many value-added chemicals can be achieved via 

fermentation pathways.  In addition, several valuable co-products are produced together 

with the main product during fermentation [4].  For example, the anaerobic fermentation 
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of sugars to produce succinic acid tends to co-produce ethanol, acetic acid, and lactic acid.  

Nevertheless, compared with chemical conversion, fermentation is highly selective.  

Hence, fermentation is an attractive alternative due to its low emissions and high 

selectivity, and fermentation is both environmentally and economically sustainable.   

 

Figure 2.1: Examples of value-added chemicals derived from biorefinery processes. 

The value-added chemicals derived from biorefining processes find use in a versatile 

range of applications.  Most importantly, these chemicals are classified as platform 

chemicals, i.e., they are used as the substrate to produce other value-added materials and 

chemicals.  This further extends the product portfolio of biorefining processes.  For 

example, levulinic acid and its derivatives find use in various applications and industries 

such as fuels and fuel additives, solvents, polymers, and pharmaceuticals among others 

as shown in  Figure 2.2.   
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Figure 2.2: Examples of value-added chemicals derived from levulinic acid. 

2.3 Production of carboxylic acids via fermentation  

A wide range of carboxylic acids have been successfully produced from different 

substrates via fermentation.  However, most fermentation routes are limited by end-

product inhibition [62, 63].  This means that the optimum productivity of the microbes is 

restricted to a certain concentration level by the accumulating product.  The productivity 

of most fermentation systems is very low since end-product inhibition is triggered at very 

low product concentrations.  Table 2.2 shows selected examples of carboxylic acids 

produced via fermentation. 

The productivity and efficiency of the system can be improved by continuous removal of 

the accumulating product, e.g., by extractive fermentation.  For example, in situ extractive 

fermentation eliminates the inhibitory effects of the accumulating product during 

fermentation [4, 64].  

Garrett et al. [64] reported that the productivity of bacillus coagulans tends to increase 

1.4-fold when Amberlite IRA-67, an ion-exchange resin, is used for in situ product 

recovery in the fermentative production of lactic acid. 
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Table 2.2: Examples of carboxylic acids produced via fermentation. 

Microorganism Product Productivity/g L-1 Ref 

Propionibacterium acidipropionici Propionic acid 0.42 [4] 

Bacillus coagulans Lactic acid 3.69 [4] 

Clostridium tyrobutyricum Butyric acid 21.8 [65] 

Gracilaria tenuitipitata Levulinic acid 3.66 [66, 67] 

Rhizopus arrhizus Fumaric acid 4.25 [68] 

 

2.4 Carboxylic acid market value 

Organic acids are in great demand, and as a result, their market value is rising.  It is 

predicted that the global market for organic acids will reach USD$36.9 by 2026 [69].  

Carboxylic acids find application in various industries such as the food, pharmaceutical, 

polymer, cosmetic, and fuel industries.  The versatile application of carboxylic acids has 

led to an increase in demand and therefore investment in the market.  For example, the 

fumaric acid market is projected to grow by 4.8% CAGR during the period 2023-2028, 

reaching a market value of USD 960.69 million [70].  Similarly, the global levulinic acid 

market was valued at approximately USD$27.25 million in 2022, with a predicted 

compound annual growth rate (CAGR) of 9 – 14% between 2022 and 2030 [67, 71].  On 

the other hand, levulinic acid esters are value-added derivatives of levulinic acid and they 

offer a similarly extensive range of applications [72, 73].  The major drive towards the 

use of levulinic acid esters is due to their low toxicity, stable flashpoint, and excellent 

low-temperature fluidity and lubricity.  A comparison of the selling price of levulinic acid 

and its esters on the South African market is presented in Table 2.3.  It is important to 

note that small-scale chemical supplier prices are indicative of the overall market value 

at a global level. 

Table 2.3: Comparison of the selling price of levulinic acid and its esters in South Africa. 

Product Purity/% Price per kg/R Supplier Ref.  

Levulinic acid 98 2 053.10 Merck [74] 

Ethyl levulinate 99 4 655.00 Merck [75] 

Butyl levulinate 98 7 162.35 TCI Chemicals [76] 
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Thus, considering the market value of butyl levulinate, butyl levulinate was selected for 

the purpose of this study. 

2.5 Recovery of carboxylic acids from aqueous solution 

A typical fermentation broth is usually a complex matrix of nutrients, microbes, and 

various carboxylic acids at concentrations in the range between 0 – 10 wt.%.  Carboxylic 

acids have low activity coefficients in the aqueous phase due to the high affinity of the 

carboxyl group for water.  Carboxylic acids tend to exhibit low volatilities and therefore, 

conventional separation and recovery processes, such as distillation, are less ideal for the 

recovery of carboxylic acids from aqueous solutions.   

The conventional recovery of carboxylic acids, such as citric acid and lactic acid, from 

macro-fermentation processes is largely based on the precipitation of calcium salts of the 

carboxylic acids [3].  In this case, calcium hydroxide, Ca(OH)2, is added to the 

fermentation broth to precipitate the respective calcium carboxylate, followed by 

filtration.  The carboxylic acid is then recovered from the calcium salt through the 

addition of concentrated sulfuric acid and the preferential precipitation of calcium sulfate, 

CaSO4.  Further treatment on the recovered carboxylic acid with activated carbon and 

ion-exchange resins is still required.  Thus, this method requires the use of large quantities 

of chemicals and an excess amount of CaSO4 is produced, presenting disposal issues.  

The mostly used techniques for the recovery of carboxylic acids from aqueous solution 

have been presented earlier in Table 1.1.  These recovery techniques are often used in 

combination to improve the recovery yields.   

Reactive extraction of carboxylic acids is a separation process that utilizes a chemical 

reaction to transfer a carboxylic acid from an aqueous phase into a water-immiscible 

extractant.  In principle, the practical application of reactive extraction extends to 

separation, recovery, or conversion of carboxylic acids from their aqueous solutions.  A 

wide range of value-added carboxylic acid derivatives can be derived from the process.  

The carboxyl functionality in carboxylic acids lends itself ideally for the application of 

reaction-enhanced separation techniques.  The carboxyl group can participate in 

reversible chemical reactions, which can be exploited for the design of a reactive 

extractant.  The recovery of carboxylic acids  from aqueous solution by reactive extraction 

is achieved through the reaction between the extractant and acid molecules [6].  The 
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reactive extraction of carboxylic acids with tertiary amines is based on ion-pair formation 

or proton transfer between the carboxylic acid and the amine [3, 6, 24].  The product must 

be more readily soluble in the organic phase than the aqueous phase.  Long-chain aliphatic 

amines are usually used as the reactive extractants.  Tertiary amines may be the readily 

available organic extractants offering high extractability of the carboxylic acids.  

However, their characteristic high viscosities and the corrosive nature limit their 

utilization.  Such properties may need to be adjusted by means of diluents.     

Inyang and Lokhat [47] investigated the reactive extraction of propionic acid with TOA 

in the presence of 1-decanol as a diluent.  They optimized the reactive extraction process 

by making use of a response surface method to determine the interactive effects of process 

variables.  This study concluded that the extractability of propionic acid increases with 

increasing initial concentration of propionic acid in the aqueous phase.  However, 

increasing the concentration of TOA in the organic phase resulted in a reduced extraction 

efficiency.  Finally, temperature does not affect the extractability of propionic acid with 

TOA in the presence of 1-decanol as a diluent.   

Datta and co-workers [77] investigated the effect of adding oleyl alcohol and n-dodecane 

as diluents in the reactive extraction of nicotinic acid with tri-n-dodecylamine (TDDA).  

The extractability of nicotinic acid was improved by mixing n-dodecane and oleyl alcohol 

with TDDA and a distribution coefficient of 1.84 was reported. 

Inyang and Lokhat [78]  highlighted that reactive extraction techniques can improve the 

downstream processing of carboxylic acids, thereby reducing operational costs.  The 

study recommended further research on reactive extraction, suggesting the use of ILs as 

reactive extractants.   

The choice of the solvent is critical in the performance of a reactive extraction system.  

Furthermore, the extraction mechanism by the selected solvent must be clearly 

understood.  Finally, the solvent must adhere to a set of parameters commonly referred to 

as the solvent selection criteria summarized in Table 2.4.   
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Table 2.4: Solvent selection criteria in reactive extraction of carboxylic acids [6, 79]. 

Parameter  Explanation  

Selectivity High degree of selectivity favours high separation factors.   

Capacity Solvents with a high capacity require low solvent to feed ratios 

during application.   

Viscosity Solvents with high viscosities are characterized with reduced mass 

transfer efficiency.   

Extra pumping equipment is required to improve pumping and 

dispersion.    

Solubility A hydrophobic solvent with almost negligible miscibility with 

water will readily form a biphasic system.   

Stability  The thermal and chemical stabilities of the solvent should be high 

enough to withstand degradation, decomposition and 

transformation during regeneration and recycling. 

Toxicity  The solvent must adapt to biochemical processes without affecting 

viability and productivity of microbes. 

Corrosivity  Highly corrosive solvents are dangerous to handle, and they reduce 

the lifespan of the reactors.   

Recoverability The solvent should be easily stripped from the solute   

Environmental 

impact 

The release of the solvent into the environment should be kept 

minimal.  The solvent should be biocompatible with the 

environment, posing no risk to living organisms 

Availability Heavy material losses are often incurred during operation therefore, 

the solvent must be cheap and readily available.   

The extractability of a solute during solvent extraction is dependent on partitioning of the 

solute between two immiscible solvents.  The extent of the partitioning is governed by 

the distribution law, which states that regardless of its concentration, a solute is always 

distributed in a constant ratio between two immiscible phases [80].  It must be emphasized 

that the distribution is temperature dependent, and the solute must strictly exist as the 

same molecular species (i.e., not partially dissociated, as could be the case for carboxylic 

acids) in both phases.  The equilibrium concentrations of the solute in both phases can 

then be used to calculate the distribution coefficient (KD) by means of Equation 2.1. 

 𝐾𝐷 =  
[𝐴]𝑜𝑟𝑔

[𝐴]𝑎𝑞
 (2.1) 
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where [A]org and [A]aq refer to the equilibrium concentrations of the solute in the organic 

and aqueous phases, respectively. 

2.6 ILs as designer solvents  

ILs are a class of low melting point, non-molecular solvents that wholly consist of ions, 

and they offer unlimited possibilities in solvent engineering.  An IL has a wide liquidus 

range, negligible vapour pressure and high thermal stability [81].  The physicochemical 

properties of ILs can be easily manipulated through careful selection of anion-cation 

combinations, making them designer solvents for use in a versatile range of applications.  

Solvent power, biocompatibility, hydrophobicity, viscosity, density, surface tension, 

among others, are some of the most sought-out properties that can be customized in 

individual ILs [82].    

ILs are also used as mixtures, which can be classified as binary, ternary, or quaternary 

depending on the number of ions present in the system.  Mixtures of ILs tend to have 

characteristic physicochemical properties and applications extending beyond the range 

defined by the individual neat ILs [83-85].  Table 2.5 summarizes the classification of IL 

mixtures.   

Table 2.5: Classes of IL mixtures. 

Mixture 
Number 

of ILs 

Number 

of ions  
Mixture* 

Binary 2 3 [A][X] + [B][X] or [A][X] + [A][Y] 

Reciprocal 

binary 

2 4 [A][X] + [B][Y] 

Ternary 3 4 [A][X] + [A][Y] + [A][Z] or [A][X] + [B][X] + 

[C][X] 

Reciprocal 

ternary 

3 4 [A][X] + [A][Y] + [B][Y] or [A][X] + [B][X] + 

[B][Y] 

*
 Where the respective cations in the individual neat ILs are [A], [B] and [C] while [X], [Y] and 

[Z] are the respective anions. 

2.6.1 Classification and preparation of ILs 

There is extensive literature on the different types of ILs that have been synthesized for 

different uses and applications.  Stark and Seddon [26] discussed the classification of ILs, 
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and three distinct generations were identified.  The first generation of ILs is based on the 

cations accompanied by haloaluminate (III) ions.  ILs in this category exhibit unique 

physical properties such as viscosity and melting point.  However, first-generation ILs 

have poor stability in both air and aqueous environments, hence are difficult to handle.  

For example, the addition of aluminium(III) chloride (AlCl3) to 1-ethyl-3-

methylimidazolium chloride ((EMIM]Cl) yields the IL [EMIM][AlCl4].  The IL has a 

characteristic Lewis acidity profile.  In the presence of moisture, the [AlCl4]ˉ forms the 

hydroxoaluminate(III) species, thereby decomposing the IL [26].  

In the second-generation category, the ILs have high stability in both air and water.  

Chemical properties, such as solubility, chemical reactivity, electrochemical window, 

among others, are enhanced for the second-generation ILs.  The third generation is 

comprised of ILs with customized chemical functionalities.  Typical anions used for the 

design of third generation ILs are derived from alkylsulfates, amino and carboxylic acids.  

Examples of ILs in the three generations are presented in Table 2.6. 

Table 2.6: Classification of ILs. 

Generation Example Abbreviation 

First  1-ethyl-3-methylimidazolium chloride 

aluminium chloride 

[EMIM]Cl-AlCl3 

Second 1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 

[EMIM][NTf2] 

Third 1-ethyl-3-methylimidazolium methylsulfate [EMIM][MeSO4] 

The synthesis of ILs follows two main steps, namely, the alkylation reaction and the ion-

exchange reaction.  The alkylation reaction is the key step towards the formation of the 

desired cation.  In the case of amine-derived ILs, the amine is either protonated under an 

acidic environment or an alkyl halide is used in a quaternization reaction [86].  These 

reactions are typically conducted under temperature-controlled conditions.  The choice of 

the alkyl halide is critical to the functionalization and customization of the cation.   

The anion-exchange reaction is the second step in the preparation of ILs.  The desired 

physicochemical properties of the IL are dependent upon the anion.  The anion-exchange 

is achieved by contacting the halide-based IL with either a Lewis acid or with an inorganic 



26 

 

salt of the corresponding acid of the desired anion.  Ion-exchange resins can also be 

employed for this reaction [87].  In principle, the anion-exchange reaction is driven by 

the interaction energies between the ions of the IL and those of the salt [88].  In this case 

the IL cation pairs up with the strongest interacting anion in the system.  In certain cases, 

the anion-exchange is driven by the formation of a second, water-insoluble ionic liquid 

phase. 

The classification of ILs primarily rests on the cation group chosen.  Among the various 

sub-classes of IL, N-heterocyclic cations are the most common.  Furthermore, the 

imidazolium cation is usually the most preferred due to the ease of synthesis and 

derivatization, as well as redox stability [89, 90].  The chemical structures of some of the 

cations used in the design and synthesis of ILs are presented in Figure 2.3.  

 

Figure 2.3: Chemical structures of some of the cations used in the design of ILs, where 

Ri represents any alkyl or aryl substituent.   

Anions used in the design and synthesis of ILs comprise organic to inorganic.  Typical 

anions are shown in Figure 2.4.  Apart from halide anions, most of the anions usually 

have a delocalized negative charge distributed over a group of atoms.  The coordination 

strength of an anion is dependent on the extent of the delocalization of the negative 

charge.  In the case of [PF6]
−, [BF4]

−, and [NTf2]
−

 where the charge is delocalized amongst 

several atoms, the anions become weakly coordinating [91].   
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Strongly coordinating anions include halide ions, where the negative charge is centred on 

a single atom.  Figure 2.4  shows selected examples of anions used in the design of ILs.  

Physicochemical properties of ILs, such as density, viscosity, and hydrophobicity among 

others are largely dependent upon the nature of the anion [92, 93].  Therefore, changing 

the anion of an IL results in the formation of a new IL with different properties.  For 

example, Jacquemin et al. [94] investigated the effect of anion and alkyl chain on the 

density of imidazolium-based ILs.  The study investigated the densities of 1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM][PF6]), 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM][BF4]), 1-butyl-3-methylimidazolium bis-

(trifluoromethanesulfonyl)imide ([BMIM][NTf2]), and 1-ethyl-3-methylimidazolium 

bis-(trifluoromethanesulfonyl)imide ([EMIM][NTf2]).  It was established that the density 

of the ILs was dependent on the anion as well as the chain length of the alkyl group on 

the cation.  In addition, the density decreased linearly with increasing temperature.  

 

Figure 2.4: Examples of anions used in the design of ILs. 

2.6.2 Examples of cation-functionalized ILs 

Recent trends have shown widespread interest in the application of ILs.  However, most 

of these applications focus on use of ILs as solvents and catalysts in chemical reactions 
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and processes.  The reactivity of ILs can be manipulated by embedding potentially 

reactive functional groups in either of the ions, but most preferably the alkyl substituent 

of the cation [41]. 

Two examples highlight the applications of cation-functionalized ILs like those 

developed for this thesis.  For example, Sideris et al. [95] reported the microwave-assisted 

synthesis of hydroxyl-functionalized ILs used for the ionothermal synthesis of lithium 

iron phosphate, LiFePO4.  The study investigated the influence of the length of the 

hydroxyl-terminated alkyl chain on the particle size and morphology of the resulting 

LiFePO4 crystals.  Furthermore, the [NTf2]
− anion was selected as the counter-anion 

because of the characteristic high thermal stability of [NTf2]-based ILs.  Increasing the 

alkyl chain length improved the recovery yield of LiFePO4. 

In 2016, Sardar and co-workers reported the synthesis and characterization of 1-[(6-

methacryloyloxy)hexyl]-3-methylimidazolium bromide, a polymerizable IL [96].  The 

reaction was based on the esterification of a hydroxyl-functionalized IL using an acyl 

chloride as shown in Scheme 2.1.  Similarly, the synthesis of methacrylate-type 

polymerizable ILs was also reported by Põhako-Esko et al. [97]. 

 

Scheme 2.1: Synthesis of 1-[(6-methacryloyloxy) hexyl]-3-methylimidazolium bromide.  
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2.6.3 Environmental impact of ILs 

The negligible vapour pressure of ILs has been a key factor behind the growth in interest 

for these solvents.  Due to their ionic character, volatile emissions of ILs are intrinsically 

low.  However, the release of ILs into the environment is inevitable.  For example, the 

aqueous solubility of ILs as well as spillages can account for the presence of even the 

most hydrophobic ILs in the environment.  Considering the stability of ILs, their presence 

in the environment is of great concern in the long-term.  Therefore, it becomes important 

to establish toxicological profiles of the respective ILs.  The octanol-water partition 

coefficient (KOW) is a useful parameter for this purpose.    

The partition coefficient (P) is a ratio of the equilibrium concentrations of a solute 

distributed between two immiscible phases.  P values calculated as the differential 

solubility of a solute between water and octanol give the KOW of the respective solute.  

KOW is calculated according to Equation 2.2:   

 𝐾𝑂𝑊 =  
[𝐴]𝑜𝑟𝑔

[𝐴]𝑎𝑞
 (2.2) 

where [A]org and [A]aq are the equilibrium concentration of the solute in the octanol and 

aqueous phases, respectively.  KOW values give a measure of the lipophilicity of the solute 

[98, 99].  KOW can also be presented as log KOW.  This data is useful in prediction and 

assessment of the risks of exposure, toxicity and impact of chemical compounds on 

human health and other living organisms [99, 100].  KOW is critical in applications such 

as drug design and drug development to predict the permeability profile of active 

compounds within body cells.  KOW values are used to predict and assess the following: 

a) Soil sorption 

b) Biological uptake 

c) Bioaccumulation and bioconcentration 

d) Toxicity 

When determining KOW of ionizable solutes, pH is a critical parameter.  However, the use 

of buffers tends to modify the observed partitioning.  Components of the buffer solution 

can potentially form ion pairs with the ionized solutes, creating a secondary chemical 

equilibrium within the system [101].  This ultimately modifies the KOW value of the 
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respective solute.  Table 2.7 presents log KOW values of some molecular solvents 

commonly used for the extraction of carboxylic acids from aqueous solutions.   

Table 2.7: Octanol-water partition coefficients of typical organic compounds and ILs.  

Solvent log KOW Ref 

Decanol 4.57 [102] 

Heptane 4.50 [102] 

MIBK 1.30 [103] 

TOA 10.5 [104] 

[BMIM][PF6] -1.65 [99, 105] 

[OMIM][NTf2] 0.93 [99] 

[HMIM][NTf2] -1.45 [105] 

[BMIM]Cl -2.39 [99] 

KOW specifically refers to the distribution of a solute between the octanol and aqueous 

phases and should be independent of the solute’s concentration.   

The Stockholm Convention on persistant organic pollutants established a criteria for the 

identification and classification of toxic organic pollutants [106].  Emphasis is placed on 

the biodegradability, bioaccumulation and transport properties of the compounds in the 

environment.  A chemical compound is considered to be bioaccumulative if either the 

bioaccumulation factor is greater than 5000, or if log KOW > 5.  As can be seen in Table 

2.7, typical ILs have very low log KOW values compared with tertiary amines such as 

TOA, as well as typical organic solvents. 

Even though ILs are considered as “green” solvents, their environmental impact is yet to 

be fully understood.  Aqueous solubility of ILs promotes their release into the 

environment, increasing chances of ecotoxicity and bioaccumulation.  Therefore, it is 

important to be able to predict the consequences of their release into the environment.   

Rybinska et al. [107] developed a quantitative structure property model (QSPR) to 

estimate the lipophilicity of a set of 335 ILs.  The observed log KOW values were classified 

according to the Stockholm Convention toxicity criteria as follows: 

a) if log KOW > 5, the IL has a higher potential to bioaccumulate.  

b) if 0 < log KOW < 5, the IL can partially bioaccumulate. 
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c) if log KOW < 0, the IL is hydrophilic and can be transported in the aqeuous system. 

There are several methods used to measure the log KOW values of chemical compounds. 

These methods include the shake-flask method, the slow stirring method, the generator 

column, and the chromatographic method [99, 100, 108].  Ideally; the shake-flask method 

is the most straightforward approach [108].  In this case, a known amount of solute is 

dissolved in either water or octanol, followed by shaking the aqueous and organic phases 

to achieve equilibrium.  After phase separation, the concentration of the solute in both 

phases is established.  The equilibrium ratio of the solute concentration is considered for 

the determination of the log KOW.  Estimate values can also be predicted using the 

quantitative structure-activity relationship model (QSAR) [109, 110]. 

The industrial application of ILs will inevitably generate a significant environmental 

impact.  As a result, the biodegradability of ILs must be understood.  The biodegradability 

of compounds can be classified according to the mechanism and extent of degradation 

[111].  For example, the loss a specific moiety (for example, the hydrolysis of esters) is 

considered as primary degradation.  On the other hand, if a compound can be broken 

down completely, then it is ultimately biodegradable.  Furthermore, the extent of 

degradation within a given timeline is also used to establish whether the compound is 

readily biodegradable.  The extent of degradation of ILs has been attributed to the cation 

more than the anion.  This means that the core ring structure, the alkyl substituent, and 

the nature of functional groups in the alkyl substituent are critical to the degradation 

mechanism.  Imidazolium-based ILs are reported to have low or non-biodegradable 

characteristics [112].  Furthermore, the presence of functional moieties such as allyl, 

vinyl, hydroxyl, ether, carboxyl, sulfonate, and nitrile has been reported to have negligible 

effect on the biodegradability of imidazolium and pyridinium-based ILs. 

2.7 Consideration of solubility aspects of reactive extractants 

Tertiary amines are the most used solvents for the reactive extraction of carboxylic acids 

from aqueous solution [11, 113, 114].  The mechanism of the reactive extraction of 

carboxylic acids by tertiary amines is entirely dependent on the difference in the basicity 

between the amine and the corresponding carboxylate anion of the carboxylic acid, as 

highlighted by Canari and Eyal [14].  In principle, the basicity of amines is such that the 
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basicity of primary amines > secondary amines > tertiary amines.  Unfortunately, primary 

amines have a characteristic high solubility in water, which limits their applicability in 

the reactive extraction for carboxylic acids from aqueous solution [6].  The extractability 

of carboxylic acids from aqueous solution using secondary amines is greater compared to 

tertiary amines.  However, the downstream processes following reactive extraction 

incorporate distillation, where secondary amines tend to react with the extracted 

carboxylic acids to form amides.  The amides are stable and complicate the stripping of 

the acid-laden organic phase.  This makes tertiary amines the only choice for use as a 

reactive extractant for carboxylic acids.  The solubility of amines in water is dependent 

on the alkyl chain length as seen in Table 2.8. 

Table 2.8: Solubility of selected amines in water at 25 °C.   

Amine Class Solubility in water/g L-1 Ref 

Butylamine Primary  238.4 [115] 

Trimethylamine Tertiary > 410 [115] 

Triethylamine Tertiary 282.4 [115] 

Tributylamine Tertiary 0.142 [115] 

Trioctylamine Tertiary 0.000039  [116] 

 

Increasing the chain length tends to reduce the solubility of the amines in water.  

Additionally, increasing the chain length also increases the dipole moment in the amine 

thereby increasing basicity.  As a result, trioctyl amine (TOA) is usually chosen as the 

extractant for reactive extraction of carboxylic acids from aqueous solution [11, 113, 

114].   

Currently, there is lack of evidence from literature sources about the solubility of water 

in TOA.  Understanding the mutual solubility between the extractant and water is 

important in the design of extraction processes.  The activity coefficient of the solute is 

reduced at high levels of mutual solubility, thereby reducing the distribution of the solute 

into the organic phase [117]. 
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Tamada and King [19] investigated the solubility of the aqueous phase into the organic 

phase during the reactive extraction of fumaric acid, maleic acid, lactic acid, malonic acid, 

acetic acid, or succinic acid with Alamine 336 diluted with either heptane, chloroform, 

methylene chloride, nitrobenzene, methylisobutylketone (MIBK), or 1-octanol.  The 

concentration of Alamine 336 in the diluents was kept constant for comparison purposes.  

It was observed that the solubility of water into the organic phase was dependent on the 

nature of the diluent as well as the carboxylic acid extracted.  The solubility of water 

increased in the order heptane < chloroform < methylene chloride < nitrobenzene < MIBK 

< 1-octanol.   

The release of the solvent into the environment can occur through leaching, spillage, and 

discharge.  Solvents with high solubility in water will readily migrate into the biosphere.  

This in turn increases the theoretical oxygen demand of the effluent streams [118, 119].  

Tamada and King [19] observed that the solubility of water in the organic phase was 

dependent on the nature of the carboxylic acid, and it followed the order fumaric acid > 

malonic acid > maleic acid = succinic acid > lactic acid > acetic acid.  The trend shows 

that the solubility of water into the organic phase increases during the extraction of 

dicarboxylic acids compared to monocarboxylic acids, due to the extra carboxylate group 

in the dicarboxylic acids, which increases the interaction with water molecules via 

hydrogen bonding.  However, their study did not provide any data with respect to the 

solubility of the organic phase into the aqueous phase.   

While some applications require water-soluble ILs, limited miscibility with water is 

critical for other applications, including extractions.  For example, analytical and 

separation technologies are dependent on the use of two-phase systems consisting of an 

IL and an aqueous or molecular solvent [120, 121].  The hydrophobicity of ILs affects 

the design of IL-based processes [122, 123].   

The physicochemical properties of ILs are sensitive to slight changes in the composition 

of the system.  Trace amounts of water can significantly alter the intended function of an 

IL.  For example, during a reaction carried out in an IL, the anion and the reaction 

intermediates interact with the cation through competitive hydrogen bonding.  The 

presence of water in an IL disrupts the cation’s tendency to form hydrogen bonds with 

the anion, thereby altering the overall reactivity and selectivity [124].  Even in trace 
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amounts, water can act as an impurity in ILs, altering properties such as viscosity, surface 

tension and density significantly [125, 126].  This may compromise the applicability of 

the IL in the chosen application. 

Regardless of the degree of hydrophobicity, mutual solubility between the IL and water 

is critical during the design of IL-based processes.  There are three main concerns 

regarding the miscibility of ILs with water.  Firstly, the aqueous phase becomes 

contaminated and polluted with IL species [127, 128].  This means that the costly ILs are 

slowly lost due to leaching of the IL phase into the aqueous phase, affecting process 

economics.  Secondly, the presence of water in ILs tends to influence the rates and 

selectivity of reactions to which they are applied [129].  For example, Seddon and Stark 

investigated the oxidation of benzyl alcohol in the presence of palladium in 1-butyl-3-

methylimidazolium tetrafluoroborate ([BMIM][BF4]).  The study showed that the 

selectivity of the conversion to either benzaldehyde or benzoic acid is dependent upon 

the water content of the IL [130].  Thirdly, any change in physicochemical properties due 

to mutually dissolved water may negatively affect process parameters such as pumping 

and energy requirements.  

The solubility of the IL in water is dependent on the ease of solvation of the IL cation and 

anion [131].  The charge density, polarity and structure of the anion collectively influence 

the solubility of the IL in water.  The presence of functional groups such as hydroxyl, 

amine, and carboxyl, tend to promote hydrogen bonding with water molecules thus 

increasing the aqueous solubility of the IL.  However, experimental data regarding the 

mutual solubility of ILs and water data is still limited and fragmented across literature 

sources.  The mutual solubility data of hydrophobic ILs and water is critical in the design 

of IL-based extraction processes.    

2.8 Reactive extraction of carboxylic acids via chemical reaction 

The use of chemical reactions to enhance separation processes is a well-established 

chemical separation technique [15, 47, 132].  Reactive distillation and reactive extraction 

are examples of processes during which a chemical reaction occurs simultaneously with 

a phase transfer of the respective reactants and products.  For example, in a study by Toth 

et al. [133], an emulsion-enhanced biphasic esterification reaction was used for the 

reactive extraction of acetic acid from aqueous solution using octanol. In the second step, 
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the free acid was recovered and isolated from the organic phase through the reactive 

distillation of the organic phase in the presence of 4-dodecylbenzenesulfonic acid as a 

catalyst.   

The chemical nature of IL-OH designed for this study allows the IL to react with 

carboxylic acids via an acid-catalysed Fischer esterification to form IL-Ester.  An acid 

catalysed transesterification reaction can be employed to strip the carboxylic acid from 

the IL-Ester, thereby regenerating the IL-OH.  IL-OH and IL-Ester are miscible while 

both are immiscible with water.  Furthermore, there is a large density difference (Δρ > 

0.2 g cm-3) between both IL-OH and IL-Ester and water.  Therefore, a biphasic state is 

maintained during the extraction of carboxylic acids with IL-OH.   

2.9 The esterification reaction  

The acid-catalysed Fischer esterification reaction is a valuable reaction in organic 

chemistry and the industry at large [134].  This reaction offers a mild pathway for the 

transformation of organic compounds into value-added compounds [135-137].  The 

esterification reaction is an equilibrium-driven reaction.  The accumulation of water as a 

reaction product creates a backward bias according to Le Chatelier’s principle.  The 

generalized chemical equation for the esterification reaction is presented in Scheme 2.2.   

 

Scheme 2.2: Generalized chemical equation for the acid-catalysed Fischer esterification. 

Extractive fermentation driven by esterification ultimately reduces the probability of end-

product inhibition of the fermentation, thereby allowing for an increase in the productivity 

of the system [138, 139].  In situ esterification in the fermentation broth will continuously 

remove the inhibitory product (carboxylic acid) from the fermentation broth and transfer 

it into an immiscible extractant phase.  Hence, it should become possible to increase the 

substrate concentration in the feed since the product concentration cannot exceed the 

inhibitory levels.  As a result of extractive esterification, the removal of the carboxylic 
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acids from the broth tends to eliminate secondary reactions due to the carboxyl 

functionality of the carboxylic acid [140].  

The selective removal of products or use of a stoichiometric excess of one of the reactants 

can influence the forward reaction, promoting higher yields.  Scheme 2.3 shows the 

generalized reaction mechanism for the esterification reaction. 

This study proposes the use of a hydrophobic, hydroxyl-functionalized IL as a reactant in 

the esterification of carboxylic acids.  Since the IL is hydrophobic, the water produced 

during the esterification reaction should be immediately driven out of the IL phase, while 

the ester is soluble in the IL phase.  As a result, a forward bias is created, promoting the 

forward reaction.  The chemical extraction of the carboxylic acid from aqueous solution 

will be based on the esterification reaction.  The extracted carboxylic acid will be in the 

form of an ester (reactive extraction) as well as physically dissolved [IL + carboxylic 

acid].  

 

Scheme 2.3: Acid-catalysed Fischer esterification reaction mechanism. 
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2.10 Regeneration of the reactive extractant 

The back-extraction step strips the organic phase of the extracted carboxylic acid.  The 

goal is to separate the carboxylic acid from the extractant, creating a product phase and a 

product-free solvent phase for reuse and recycling [141].  In principle, altering the 

extraction conditions in favour of the back-extraction is the key to regeneration of the 

extractant during reactive extraction-based processes [142].  Temperature and diluent 

compositions are some of the operating conditions which can influence the back-

extraction process.   

In a study by Teke and Pott [143], the extractability of lactic acid with 15% TOA in oleyl 

alcohol was investigated.  The partition coefficient of lactic acid was found to be 

approximately 0.94 and the lactic acid was subsequently recovered from the organic phase 

via back-extraction with 2 M NaOH or 1 M HCl.  In each case, the ratio of organic to 

aqueous phase was 10:1.  The recovery of lactic acid from the organic phase was found 

to be 95.68 and 77.08% when using NaOH and HCl, respectively.   

Back-extraction of carboxylic acids with NaOH produces sodium carboxylates, which are 

usually a reacidification and purification step to obtain the pure acid.  The drawback of 

this approach is high chemical consumption and production of excess waste.  Similarly, 

the use of HCl results in undesirable interactions between HCl and the solvent.  Tertiary 

amines react with strong acids to form trialkylammonium salts.  The complex recovery 

of the product from the solvent is a clear drawback of amine-based reactive extraction. 

2.10.1 Temperature  

The reactive extraction of carboxylic acids by tertiary amines is driven by proton transfer, 

ion-pair formation, and hydrogen bonding.  These interactions are exothermic in nature 

and increasing the temperature tends to destabilize the solute, increasing the entropy of 

the system.  As a result, back-extraction is carried out at a relatively higher temperature 

than the reactive extraction.  Tamada and King [19] discussed the effect of temperature 

on the extractability of carboxylic acids.  During the reactive extraction of carboxylic 

acids with tertiary amines, the formation of acid-amine interactions reduces the entropy 

of the system.  Therefore, increasing the operating temperature reduces the amount of 

carboxylic acid extracted into the organic phase.  As a result, the extraction equilibrium 
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will shift in favour of the carboxylic acid distributing readily into the fresh aqueous phase, 

creating an acid-free organic phase, i.e., the regenerated solvent. 

Keshav and Wasewar [141] investigated the back extraction of propionic acid from 

various TOA-based solvent systems at 363 K.  Propionic acid was initially extracted from 

aqueous solution with TOA dissolved in different diluents, namely 2-octanol, 1-decanol, 

or methyl-iso-butyl ketone (MIBK).  The initial concentrations of propionic acid used for 

the reactive extraction step were in the range 0.048 – 0.366 kmol m-3.  The back extraction 

of propionic acid from the organic phase was achieved by contacting the loaded organic 

phase with a fresh aqueous phase.  It was observed that the amounts of propionic acid 

recovered from the loaded organic phase constituted 32 – 35%, 25 – 35%, and 66 – 88% 

of the propionic acid that had been extracted by the [TOA + 2-octanol], [TOA + 1-

decanol], and [TOA + MIBK] solvent systems, respectively.  Hence, the recovery of 

propionic acid from the [TOA + MIBK] solvent systems at elevated temperature was 

significantly higher compared to other solvent systems.  However, the solubility of TOA 

in water at elevated temperature is most likely also increased, causing contamination.  In 

general, it can be stated that few authors quantitatively investigate the phase composition 

of all components. 

2.10.2 Diluent  

The choice of a diluent can be adjusted after the extraction to facilitate the back-extraction 

process [6].  As stated before, the reactive extraction of carboxylic acids using tertiary 

amines is dependent on the polarity of the solvent system, and polar solvents, such as 

ketones or alcohols, favour the solvation of the trialkylammonium salt.  Hence, reducing 

the polarity of the system by adding alkanes or alkyl-substituted aromatics, will reduce 

the distribution of the carboxylic acid into the amine-containing solvent.  Under these 

conditions, the carboxylic acid readily partitions from the organic phase into the fresh 

aqueous phase, resulting in the formation of a concentrated acid-loaded aqueous phase 

[19].  For example, Sprakel and Schuur [30] investigated the effect of solvent composition 

on the reactive extraction of succinic acid from aqueous solution with TOA-based solvent 

mixtures.  The addition of non-polar heptane to the [20% TOA + MIBK] solvent system 

reduced the extractability of succinic acid, i.e., KD values decreased from 10.2 to 0.46, 

respectively. 



39 

 

2.11 Transesterification reaction 

A transesterification reaction is an acid- or base-catalysed reaction during which an ester 

is converted into a different ester.  The transesterification reaction is described by the 

underlying mechanism, for example, alcoholysis, acidolysis and ester-ester interchange 

[144].  Alcoholysis occurs when the ester is reacted with an alcohol and the alkoxy groups 

are exchanged.  If the ester is reacted with a carboxylic acid, resulting in the exchange of 

the carboxyl groups between the acid and the ester, the reaction is termed acidolysis. 

The acid-catalysed transesterification of a carboxylic acid ester with an alcohol is 

presented in Scheme 2.4.  In this case, the alcohol is supplied in excess to shift the 

equilibrium in favour of the forward reaction.  The transesterification reaction is used for 

various industrial transformations such as in the manufacturing of biodiesel, polymers, 

and plastics, among other products.   

 

Scheme 2.4: Generalized chemical equation for the acid-catalysed transesterification 

reaction, where R, R1 and R2 represent different alkyl groups. 

The acid-catalysed transesterification proceeds under the following mechanism [144]:  

i. protonation of carbonyl group of the ester 

ii. nucleophilic attack of the protonated carbonyl carbon by the alcohol 

iii. proton transfer within the intermediate 

iv. elimination of the leaving group 

v. regeneration of the acid catalyst via deprotonation 

A detailed reaction mechanism for the acid-catalysed transesterification of an ester using 

an alcohol is presented in Scheme 2.4.  This study proposes to use of an acid-catalysed 

transesterification reaction to regenerate the reactive extractant while simultaneously 

isolating the value-added carboxylic acid derivatives from the reaction mixture.    It is 

anticipated that if there is complete conversion of IL-Ester during the transesterification 

reaction, then the IL will maintain its physicochemical properties.  However, if 

transesterification reaction fails to achieve full conversion, then a binary mixture of [IL-



40 

 

OH + IL-Ester] will persist, and the mole fraction of IL-Ester in the mixture will be 

dependent on the degree of conversion.  

 

Scheme 2.5: Reaction mechanism for the acid-catalysed transesterification [145]. 

2.12 Chapter summary 

The biorefinery concept has seen the development of unit operations capable of producing 

value-added products by making use of biomass as the primary feedstock.  This concept 

is viewed as the ultimate analogue of conventional petroleum refineries.  The biorefinery 

route is environmentally sustainable.  A wide range of chemicals can be successfully 

produced from biorefining.   

The product portfolio of biorefineries includes carboxylic acids.  However, the 

productivity of microorganisms responsible for the biochemical conversion of biomass 
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into carboxylic acids is limited by end-product inhibition.  As a result, carboxylic acids 

tend to occur at very low concentrations in large volumes of aqueous solutions.  The 

separation, recovery, and purification of carboxylic acids from the fermentation broths 

remains a challenge.  The overall cost and energy demand for the conventional separation 

and recovery methods mitigate the competitive advantage of biomass processing.   

Reactive extraction is among the most promising separation methods for the recovery of 

carboxylic acids from aqueous solution.  On the other hand, the advent of ILs has offered 

a multitude of opportunities in solvent engineering.  The versatile nature of ILs continues 

to allow for the design of customized, task-specific ILs.  Therefore, it is possible to design 

and synthesize an IL with custom properties to satisfy the solvent selection criteria for a 

reactive extractant while overcoming the disadvantages of amine-based reactive 

extraction. 

The following chapters detail the synthesis and application of a hydroxyl-functionalized 

IL in the recovery of carboxylic acids from aqueous solution.  Furthermore, the behaviour 

of the IL when exposed to an aqueous environment is also explored, thus addressing the 

phase behaviour of the IL/water system.  Finally, the stripping of the carboxylic acid-

loaded IL via an acid-catalysed transesterification is investigated.  This allows for the 

regeneration of the IL as well as the isolation of the carboxylic acid in the form of a value-

added derivative.  The overall findings will be useful in the design of an IL-based reactive 

extraction system for extractive fermentation of carboxylic acids. 



3 Experimental 

The chapter identifies the materials, reagents, and chemicals, as well as instruments, used 

in this study.  Additionally, the synthesis and application of a hydroxyl-functionalized IL 

is described.  Emphasis is placed on the phase behaviour of the IL as well as the 

equilibrium studies on physical and chemical extraction.  The analytical methods 

employed to explore the scope of this study are also discussed herein.   

3.1 Materials and instruments 

Several chemicals and reagents were used in this study, and they are listed in Table 3.1, 

together with the names of the suppliers and the percentage purity.   

Table 3.1: List of chemicals and reagents. 

Name of chemical Formula Supplier 
Percentage 

purity 

Deionized water H2O    

MilliQ water H2O  Type 1 (ultrapure) 

1-Methyl imidazole 
CH3C3H3

N2 
Merck ≥ 99 

1-Butanol C4H9OH Merck ≥ 99 

1-Octanol 
C8H17O

H 
Sigma-Aldrich ≥ 99 

Acetonitrile CH3CN Sigma-Aldrich ≥ 99.9 

Acetonitrile-d3 CD3CN Sigma-Aldrich 99.8 atom % D 

Hexane  C6H14 Sigma-Aldrich 95 

Diethyl ether  (C2H5)2O Sigma-Aldrich  ≥ 99.0 

Levulinic acid C5H8O3 Merck 98 

Fumaric acid C4H4O4 Sigma-Aldrich ≥ 99.0 

Methanesulfonic acid 
CH3SO3

H 
Merck 99 

Sodium chloride NaCl Sigma-Aldrich 5.0 M 

Silver nitrate AgNO3 Merck 99.8 – 100.5  

6-Chlorohexanol 
C6H13Cl

O 
Sigma-Aldrich 96 

Butyl levulinate C9H16O3 Aldrich 98 
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Ethyl levulinate C7H12O3 Sigma-Aldrich ≥ 98 

Sodium trifluoroacetate 
CF3COO

Na 
Sigma-Aldrich 98 

Helium  He Afrox 99.999 

Hydrogen  H2 Afrox 99.999 

Potassium dihydrogen phosphate KH2PO4 Sigma-Aldrich ≥ 99.0 

Lithium 

bis(trifluoromethanesulfonyl)imide 
Li[NTf2] IOLITEC 99 

 

Instruments used in this study are listed in Table 3.2. 

Table 3.2: List of instruments  

Instrument Make Model 

Balance Optika B214Ai 

pH meter Thermo Scientific Orion Star A211 

Karl-Fischer titrator Mettler Toledo C105 Coulometric KF Titrator 

FTIR spectrophotometer SHIMADZU IRSpirit 

NMR spectrometer Bruker Avance Ultrashield 400 MHz 

HPLC SHIMADZU Prominence LC-20AT + SPD-

20A UV-Vis detector  

GC-FID SHIMADZU GC-2014 

Centrifuge OHAUS FC5706 

Rotary evaporator Chemtron Strike 280 

Shaker IKA HS 501D 

Ultrasonic bath MRC DC200H 

Schlenk line   

Several experiments were conducted to address the objectives of the study.  The details 

of the experimental conditions are presented in the sub-sections herein. 

3.2 Preparation of ILs 

The ILs used in this study were derived from 1-(6-hydroxyhexyl)-3-methylimidazolium 

chloride ([HOC6MIM]Cl), which in turn had been synthesized via the alkylation of 1-

methylimidazole using 6-chlorohexanol.  The IL 1-(6-hydroxyhexyl)-3-
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methylimidazolium chloride was converted to 1-(6-hydroxyhexyl)-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([HOC6MIM][NTf2]; IL-OH) via an ion exchange 

reaction where chloride ions were exchanged for bis(trifluoromethanesulfonyl)imide to 

induce hydrophobicity.  The IL 1-(hexyl-4-oxopentanoate)-3-methylimidazolium 

bis(trifluoromethanesulfonyl) imide (IL-Ester) was prepared by esterification of IL-OH 

with levulinic acid, in the presence of 1.0 wt.% methanesulfonic acid as a catalyst.  

Scheme 3.1 summarizes the different reactions employed for the synthesis of the 

respective ILs. 

 

Scheme 3.1: Synthesis of functionalized ILs. 

3.2.1 Alkylation reaction  

The alkylation reaction was carried out in a round-bottomed flask at 80 °C.  A separating 

funnel was used to add 50.0780 g (0.6100 mol) of 1-methylimidazole into the flask 

containing 100.0852 g (0.7326 mol) of the alkylating agent, 6-chlorohexanol while 

stirring.  The flask was heated in an oil bath at 80 °C for 24 h.  The reaction mixture 

turned yellow and became highly viscous.  The product was isolated from unreacted 

materials by extracting the unreacted materials in a continuous setup of a modified 

Soxhlet extraction.  Diethyl ether was used as the extraction solvent at 40 °C for 12 h.   

The residual solvent in the product was removed with a rotary evaporator at a pressure 

and temperature of 72 mbar and 40 °C, respectively.  The IL was transferred onto a 

Schlenk line for further drying under vacuum at 60 °C for another 8 h.  The dried IL was 
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stored in a tightly closed bottle.  A yield of 129.2566 g (0.5929 moles) of [HOC6MIM]Cl 

was chieved and this is equivalent to 97.2% yield.  The product was identified by means 

of 1H NMR spectrometry.  Furthermore, the purity of the IL was also derived from on 1H 

NMR data.  The chemical shifts, splitting patterns, and integration of signals identified in 

the 1H NMR spectrum were consistent with the anticipated response. 

3.2.2 Ion-exchange reaction 

The precursor IL, [HOC6MIM]Cl, was converted into [HOC6MIM][NTf2] via an ion 

exchange reaction.  In this case, 145.1872 g (0.5057 mol) of Li[NTf2] were dissolved in 

50.0 cm3 of deionized water in a 500.0 cm3 round-bottomed flask.  Quantitatively, 

92.1728 g (0.4214 mol) of [HOC6MIM]Cl were added to the flask.  The mixture was 

gently stirred at room temperature for 24 h after which it became biphasic.  The mixture 

was transferred into a separating funnel and allowed to settle, and the phases separated.  

The IL phase formed the bottom layer, and it was extracted with 5 × 100 cm3 portions of 

deionized water for the purpose of purification.  The aqueous extracts were tested by the 

addition of a drop of 0.1 M AgNO3, and extraction continued until the silver chloride test 

was negative.  The resulting IL-OH was dried using the same procedure as for the 

[HOC6MIM]Cl.  The yield of IL-OH was found to be 183.4974 g (0.3960 moles) which 

is equivalent to a practical yield of 93.96%. 

The purity of the IL-OH was confirmed by testing for the water content as well as the 

halide content.  The water content was measured by a coulometric Karl-Fischer titration 

as described in Section 3.3.3.  The halide content was determined by making use of the 

Nessler’s test as described by Stark et al. [146].  A commercial 5.0 M NaCl standard 

solution was used to prepare a series of analytical standards in the concentration range of 

10 – 100 mg L-1.  Separately, 30 cm3 of each standard was added into a Nessler tube 

containing 0.5 cm3 of 65% HNO3 and 1.0 cm3 of 0.01 M AgNO3.  The volume of each 

tube was made up to 50.0 cm3 with deionized water.  The tubes were left to stand in the 

dark for 30 minutes.   

The analytical sample was prepared by dissolving 1.5321 g (0.0033 mol) of IL-OH in 20 

cm3 of ethanol and mixing with 0.5 cm3 65% HNO3 and 1.0 cm3 0.01 M AgNO3.  The 

tube was also placed in a dark cupboard.  The opacity of the analytical sample was 

compared against those of the analytical standards to estimate the chloride content of the 
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analytical sample.  It was observed that the analytical sample was more transparent and 

clearer than  the analytical standard with a nominal concentration of 10.0 mg L-1.  

Therefore, it could be concluded that if there were any chloride ions present at all, the IL-

OH contained chloride ions below 10.0 mg L-1.   

3.2.3 Esterification reaction 

IL-Ester was prepared from the solvent-free esterification of IL-OH with levulinic acid.  

In this case, 100.0 g (0.2158 mol) of IL-OH was weighed into a 250.0 cm3 round-

bottomed flask.  A mass of 30.0704 g (0.2589 mol) of levulinic acid was added to the 

round-bottomed flask with the aid of a separating funnel whilst stirring gently.  When the 

mixture was homogeneously mixed, 1.3007 g (0.0135 mol) of methanesulfonic acid was 

added to the flask as a catalyst.  The round-bottomed flask was connected to a reflux 

condenser and transferred into an oil bath preheated to 70 °C.  The reaction maintained a 

single phase throughout.  After 5 h, the reaction was monitored hourly by means of HPLC 

as described in Section 3.3.1.  until no IL-OH could be detected.  At this point the reaction 

was quenched by placing the flask in an ice-bath for 10 minutes.   

The product, IL-Ester, was isolated from the reaction mixture by extracting the acid 

catalyst and the excess levulinic acid with a total of 10 × 100 cm3 portions of deionized 

water.  A neutral pH in the aqueous phase indicated the absence of any acid in the reaction 

product.  The IL-Ester was dried on a rotary evaporator at 40 °C under reduced pressure 

of 72 mbar for 12 h.  The IL-Ester was transferred onto a Schlenk line for further drying 

under vacuum at 60 °C for another 8 h.  The yield of IL-Ester was found to be 1.4993 g 

(0.0028 moles) which is equivalent to a practical yield of 95.13%.   

The purity of IL-Ester was confirmed by means of HPLC as described in Section 3.3.1.  

Furthermore, a coulometric Karl-Fischer titration was used to determine any residual 

traces of moisture present in the IL-Ester.  1H NMR and FTIR spectroscopic techniques 

described in Sections  3.3.4 and 3.3.5, respectively, were used to confirm IL-Ester.  The 

purity of IL-Ester was determined by HPLC. 

The purities of a representative batch of the respective ILs are presented in Table 3.3.  

The synthesis procedures were repeated when necessary, during this study.  The chloride 

content of all batches was < 10 mg L-1.  The ionic liquids are hygroscopic, but the water 

contents were < 5.5 mg g-1 in all cases. 



47 

 

Table 3.3: Purity of ILs synthesized in this study. 

IL 
Halide 

content/mg L-1 

Water 

content/mg g-1 

[HOC6MIM]Cl Not applicable 21.34 

IL-OH < 10 5.45 

IL-Ester < 10 2.76 

 

3.3 Instrumental methods  

Various analytical tools were employed in this study to monitor reactions for quantitative 

and qualitative purposes.  The analytical techniques included HPLC, GC-FID, Karl-

Fischer titrations, 1H NMR, 13C NMR, 19F NMR and FTIR.   

3.3.1 HPLC method  

A SHIMADZU high performance liquid chromatograph (HPLC) equipped with an LC-

20AT pump and SPD-20A UV-Vis detector was used for the determination and 

quantification of IL-OH, IL-Ester, levulinic acid and fumaric acid.  High purity samples 

of the analytes (as per 1H NMR spectroscopy) were used to prepare reference standards.  

Similar chromatographic conditions were used for all the four analytes.  A mobile phase 

of 70% acetonitrile and 30% 0.035 M phosphate buffer (70:30 v/v%) was used to elute 

the analytes from a ZORBAX HILIC Plus column (4.6 × 100 mm, 3.5 µm) at a flowrate 

of 1.0 cm-3 min-1.  For each analysis, 20 µL of sample was injected onto the column and 

the detection wavelength was set at 211 nm.    

3.3.1.1 Calibration  

Calibration curves were developed for both IL-OH and IL-Ester.  For IL-OH and IL-

Ester, stock solutions of 1000 µg cm-3 were freshly prepared during inter-day calibration.  

Working standard solutions in the concentration range between 0 – 200 µg cm-3 were 

prepared from accurate dilution of the stock solutions.  The standard solutions were 

analysed based on the method described in Section 3.3.1.   

In the case of fumaric acid, a standard stock solution of 500.0 mg L-1 was prepared using 

commercially available fumaric acid with a purity of  ≥ 99.0%.  Analytical standards in 
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the concentration range 5.0 – 50.0 µg cm-3 were prepared from the standard stock solution 

by dilution.   

The calibration curve for levulinic acid was made by using analytical standards prepared 

from a 0.026 M standard stock solution of  98% levulinic acid.  Analytical standards in 

the concentration range 30 – 305 mg L-1 were prepared from the standard stock solution 

by dilution. 

The calibration data was analysed by linear regression at the 95% confidence level using 

the Analysis ToolPak in Microsoft Excel.  Calibration plots and unweighted residuals 

plots were established.  The limits of detection (LOD) and limits of quantification (LOQ) 

of the HPLC method were calculated from the standard error of the slope (σ) and the 

calibration slope (𝑆′) as shown in Equations 3.1 and 3.2 respectively.  See Appendix A 

for the HPLC calibration curves for all analytes. 

 𝐿𝑂𝐷 = 3.3 ×
𝜎

𝑆′
 (3.1) 

and 

 𝐿𝑂𝑄 = 10 ×
𝜎

𝑆′
 (3.2) 

3.3.1.2 Quality assurance 

The reliability of the HPLC analytical method is dependent upon reproducibility and 

repeatability of calibration parameters.  The calibration parameters were retention time, 

linear range, accuracy, recovery, LOD, and LOQ.  For each analyte, calibration runs were 

conducted on three different days to assess inter-day and intra-day precision and freshly 

prepared solutions with different concentrations of the analyte were used in each instance.   

3.3.2 GC method  

A SHIMADZU GC-2014 instrument was used to monitor the transesterification reaction.  

Butanol, ethyl levulinate and butyl levulinate were eluted on a Zebron ZB-WAXPLUS 

capillary column (30 m × 0.25 mm × 0.25 µm) using helium as the carrier gas at a flow 

rate of 1.27 cm3 min-1.  Table 3.4 shows the column temperature programme.  In each 

analysis, 0.5 µL of sample was injected at 250 °C using the split mode at a split ratio of 

25.  The hydrogen flame ionization detector was set at 250 °C.  The retention times for 
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butanol, ethyl levulinate and butyl levulinate were 4.19, 8.72, and 10.32 minutes, 

respectively.   

Table 3.4:  Temperature programme for GC method. 

 Heating rate/°C min-1 Temperature/°C Hold time/min 

0 – 60 1.00 

1 15 180 2.00 

2 10 210 5.00 

3.3.2.1 GC calibration  

The GC method focussed on the determination of multiple analytes; thus, a multi-

component calibration was established.  Butanol and butyl levulinate were the analytes 

of interest while ethyl levulinate was considered as the internal standard.  Standard stock 

solutions of 1000 µg cm-3 were prepared separately for the three analytes from 

commercial samples.  Aliquots of the stock solutions were mixed and diluted to specific 

volumes to obtain analytical standards containing varied concentrations of butanol and 

butyl levulinate while the concentration of ethyl levulinate remained constant throughout.  

At each concentration level, the peak area ratio and the concentration ratio were 

calculated according to Equations 3.3 and 3.4, respectively. 

 
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑟𝑎𝑡𝑖𝑜 =  

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 (3.3) 

and 

 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =  

𝐴𝑛𝑎𝑙𝑦𝑡𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛/µg 𝑐𝑚−3  

 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛/µg 𝑐𝑚−3
 (3.4) 

The calibration curve was obtained by plotting the peak area ratio (Y) against the 

concentration ratio (X).     

3.3.2.2 Quality assurance 

The quality of the calibration data was derived from the linearity of the calibration curves 

as well as the retention times of the analytes.  Intraday and inter-day analysis of replicate 

analytical standards assessed the repeatability and precision in the determination of the 

target analytes.  The calibration parameters for the GC method were retention time, linear 
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range, accuracy, recovery, LOD, and LOQ, respectively.  The GC calibration curves are 

presented in Appendix B. 

3.3.3 Karl-Fischer titration 

The water content of the IL phases was measured by means of a Mettler Toledo C105 

Coulometric KF Titrator.  The KF Titrator was calibrated with ROMIL KF WS1 Hi-Dry 

KF calibrant.  The calibrant used was an anisole/propylene carbonate matrix with a 

nominal water concentration of 1.0 mg g-1.  All measurements were conducted in triplicate 

and are reported as averages.   

3.3.4 Nuclear magnetic resonance spectrometry  

The products of transesterification were identified and confirmed by means of 1H NMR 

spectroscopy.  In each case, the sample was dissolved in 0.8 cm3 of acetonitrile-d3 and 

transferred into an NMR tube for analysis.  The spectra were recorded on a Bruker Avance 

Ultrashield 400 MHz spectrophotometer.  Topspin 4.0.9, a Bruker NMR propriety 

software, was used to analyse the spectra.  In the case of 19F NMR measurements, 

approximately 20.0 mg of sodium trifluoroacetate (CF3COONa) was added as an internal 

reference material.  NMR data was used to determine molar ratio (
𝑛𝑥

𝑛𝑦
),  of IL-OH:IL-

Ester after the transesterification reaction by using Equation 3.5, 

 
𝑛𝑥

𝑛𝑦
 =   

𝐼𝑥

𝐼𝑦
 ×  

𝑁𝑦

𝑁𝑥
 (3.5) 

 

where I and N, refer to the integral of the selected signal, and the number of nuclei giving 

rise to the signal in compounds x and y, respectively.  The same approach was also used 

to quantify the [NTf2]
− anion with respect to CF3COONa. 

3.3.5 FTIR spectroscopy 

FTIR spectra of the regenerated IL-OH and butyl levulinate were recorded by means of a 

SHIMADZU IRSpirit spectrophotometer in the range 4000 – 400 cm-1.  The 

spectrophotometer houses an attenuated total reflectance accessory (ATR).  All the 

samples in this study were in the liquid state and for each measurement a drop of the 

liquid sample was dispensed onto the diamond crystal on the instrument.  Table 3.5 

summarizes the instrument acquisition parameters applied on the spectrophotometer.  
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Table 3.5: Instrument acquisition parameters for FTIR spectroscopy. 

Parameter Description  

Range/cm-1 4000 – 400 

Resolution/cm-1 16 

Number of scans 64 

Apodization Happ-Genzel 

 

3.4 Mutual solubility studies 

The solubility of water in the IL, as well as the solubility of the IL in water, was 

considered.  The effect of the pH of the aqueous phase and the effect of the amount of the 

initial acid catalyst (used in the subsequent esterification experiments) in the aqueous 

phase were investigated.  Samples collected from the aqueous phase were analysed by 

HPLC for the detection and quantification of IL-OH.  Simultaneously, the water content 

of the IL phase was determined by means of Karl-Fischer titration.   

3.4.1 Effect of pH on mutual solubility  

The mutual solubilities of IL-OH or IL-Ester with water were measured as a function of 

initial pH of the aqueous phase.  The pH was measured and monitored with a pH meter.  

The initial pH of the aqueous phase was adjusted to be in the range of 1.0 – 7.0 by the 

addition of appropriate amounts of either 0.05 M H2SO4 or 0.05 M NaOH.  In each case, 

2.0 cm3 of IL-OH and aqueous phase were measured in 5.0 cm3 vials.  The contents of 

the vials were mixed vigorously on a horizontal shaker for 12 h at 25 °C.   The vials were 

left to stand for 5 hours to allow for phase separation prior to sampling and analysis of 

both the aqueous and IL phases.  The aqueous phase was analysed for IL-OH using the 

HPLC method described in Section 3.3.1.  while the IL phase was analysed for water 

content using the KF titration as described in Section 3.3.3.  The experiment was repeated 

in duplicate, and average values are reported. 

3.4.2 Effect of methanesulfonic acid concentration on mutual solubility 

The effect of acid catalyst concentration on the mutual solubility was investigated by 

varying the concentration of methanesulfonic acid in the aqueous phase.  The initial 
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concentration of methanesulfonic acid was kept in the range between 0 – 12 wt.% of the 

aqueous phase.  In each case, 2.0 cm3 of IL-OH and aqueous phase were measured into 

5.0 cm3 vials.  The contents of the vials were mixed vigorously on a horizontal shaker for 

12 hours at room temperature.  The vials were left to stand for 5 hours to allow for phase 

separation prior to sampling and analysis of both the aqueous and the IL phases.  The 

aqueous phase was analysed for IL-OH using the HPLC method described in Section 

3.3.1 while the IL phase was analysed for water content by the KF titration as described 

in Section 3.3.3.   The experiments were conducted in duplicate.   

3.5 Octanol-water partition coefficient measurements 

The experiments to determine the KOW values of IL-Ester and IL-OH were conducted 

using the shake-flask method.  KOW values were measured at different concentrations for 

each IL.  Aqueous solutions of IL-OH and IL-Ester were prepared in the concentration 

ranges of 11 – 210 mg L-1 and 7 – 90 mg L-1, respectively.  The lowest concentration for 

each IL in the aqueous phase was such that it was greater than the LOD and LOQ of the 

IL with respect to the HPLC analytical method described in Section 3.3.1.   

The ILs were partitioned between the octanol and the aqueous phases using a 1:1 (v/v) 

ratio of the solvents at 25 °C.  In each case, 10 cm3 of the aqueous phase was added to a 

50 cm3 vial containing 10 cm3 of 1-octanol.  The vials were agitated vigorously for 3 h 

using a horizontal shaker.  An OHAUS FrontierTM 5706 centrifuge was used to separate 

the organic phase from the aqueous phase.  Samples were collected from the aqueous 

phase and analysed immediately without further treatment.  The concentration of the IL 

in the aqueous phase was determined using the HPLC method described in Section 3.3.1.  

The amount of IL partitioned into the octanol phase was subsequently calculated by mass 

balance.  KOW was then calculated from the equilibrium concentrations of the ILs in both 

phases. 

3.6 Extraction of carboxylic acids using IL-OH 

Two carboxylic acids, namely levulinic acid or fumaric acid, were extracted from their 

aqueous solutions using IL-OH.  In each case, both physical and chemical extraction were 

investigated.  The difference between the physical and chemical extraction experiments 

was the incorporation of methanesulfonic acid as a catalyst during chemical extraction.  

Otherwise, all other experimental conditions were identical.  The model solutions of 
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levulinic or fumaric acid were designed based on arbitrary concentration values within 

the productivities of microorganisms during fermentation.    

3.6.1 Preparation of levulinic acid solutions 

A stock solution of 0.32 M levulinic acid was prepared from 98% levulinic acid and 

deionized water.  The stock solution was diluted to prepare solutions within the 

concentration range 0.05 – 0.32 M.  The physical and chemical extraction of levulinic 

acid from aqueous solution using IL-OH was investigated using the prepared solutions. 

3.6.2 Preparation of fumaric acid solutions  

A stock solution of 4.002 g L-1 fumaric acid was prepared from commercially available 

fumaric acid and deionized water.  The stock solution was diluted to prepare solutions in 

the concentration range 0 – 4.002 g L-1.  The physical and chemical extraction of fumaric 

acid aqueous solution using IL-OH from was investigated using the prepared solutions. 

3.6.3 Physical extraction  

Levulinic acid or fumaric acid were physically extracted from aqueous solution in the 

absence of a chemical reaction.  In each case, 2.0 cm3 of IL-OH were added into a 5.0 

cm3 vial containing 2.0 cm3 of the respective acid solution.  The vials were left to shake 

vigorously on a horizontal shaker for 12 h at room temperature.  The vials were left to 

stand to allow for phase separation prior to sampling and analysis of both the aqueous and 

the IL phases.  The aqueous phase was analysed for either levulinic acid or fumaric acid 

and IL-OH using the HPLC method described in Section 3.3.1.  The amount of acid 

extracted by the IL was calculated using mass balance.  The IL phase was analysed for 

water content by means of the KF titration described in Section 3.3.3. 

3.6.4 Reactive extraction 

The reactive extraction of levulinic acid or fumaric acid from aqueous solution using IL-

OH was investigated by addition of methanesulfonic acid as a catalyst.  In each case, 2.0 

cm3 of IL-OH were added into a 5.0 cm3 vial containing 2.0 cm3 of the respective acid 

solution.  Methanesulfonic acid was added to the vial at a proportion of 1.0 wt.% of the 

IL-OH.  The vials were placed on the shaker and allowed to shake vigorously for 12 h at 

room temperature.  The vials were left to stand to allow for phase separation prior to 

sampling and analysis of both the aqueous and the IL phases.  The aqueous phase was 
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analysed for the carboxylic acid and IL-OH using the HPLC method described in Section 

3.3.1.  The amount of the [NTf2]
− anion in the aqueous phase were determined by means 

of 19F NMR as described in Section 3.3.4.  A mass balance was used to calculate the 

amount of acid extracted by the IL.  The water content of the IL phase after the extraction 

was determined by KF titration as described in Section 3.3.3. 

The feasibility of aqueous phase esterification of IL-OH with levulinic acid was 

investigated at different levels of water loading at 70 °C in the presence of 1.0 wt.% 

catalyst loading.  The water loading was varied between 5.7 – 520.7 mg g-1.  The water 

loading was done with respect to the amount of water per gram of IL-OH.  The conversion 

of IL-OH to IL-Ester was monitored by means of HPLC as described in Section 3.3.1.  

3.7 Transesterification of IL-Ester with butanol 

Either ester hydrolysis or transesterification can be considered for the regeneration of IL-

OH.  Ester hydrolysis results in the carboxylic acid as product, which would have to be 

separated from IL-OH by extraction, since carboxylic acids are relatively difficult to distil 

or sublime.  It can be foreseen that due to the relatively similar nature of the two 

components, selective extraction would be challenging.  Hence, in this work, 

transesterification was considered to regenerate the IL-OH while producing a relatively 

volatile organic ester.  The transesterification of IL-Ester with n-butanol was investigated.  

Batch experiments were conducted to determine and establish the effects of selected 

variables on the transesterification reaction.   

3.7.1 Transesterification procedure 

The variables for the transesterification reaction were the molar ratio of reactants, reaction 

temperature, and amount of catalyst.  Commercially available  methanesulfonic acid of 

high purity (≥ 99%) was used as the catalyst for the reaction.  Measured quantities of 

reactants and catalyst were added to a round-bottomed flask and connected to the 

condenser.  The flask was heated to the selected temperature by means of a continuously 

stirred oil bath.     

3.7.1.1 Effect of reactant molar ratio on the transesterification reaction 

The effect of molar ratio of reactants on the transesterification reaction was investigated 

at 85 °C in the presence of methanesulfonic acid as a catalyst.  The catalyst loading was 
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at 1.0 wt.% relative to IL-Ester.  In each case, 10 g (0.0181 mol) of IL-Ester was 

accurately weighed into a two-necked round-bottomed flask.  This was followed by the 

addition of a specific amount of butanol to make a molar ratio of IL-Ester to butanol of 

1:3 and 1:10 respectively.  The acid catalyst was then added to the flask.  The reaction 

mixture formed a completely homogeneous phase.  The reaction mixture was placed in 

an oil-bath preheated to 85 °C.  Samples were withdrawn from the reaction mixture after 

10, 30, 60, 120, 180, 240, 300, 360 and 420 minutes and analysed by means of the HPLC 

method described in Section 3.3.1. 

3.7.1.2 Effect of reaction temperature on transesterification 

The effect of temperature on the transesterification of IL-Ester with butanol was 

investigated using a constant alcohol to IL-Ester ratio of 1:10 and a catalyst loading of 

1.0 wt.% relative to IL-Ester.  The reaction was carried out at 85 and 115 °C.  In each 

case, 10 g IL-Ester was added to the two-necked round-bottomed flask and preheated to 

the selected temperature.  Exactly 16.5 cm3 (0.18 mol) of butanol were added to the flask, 

forming a completely homogeneous phase.  Samples were withdrawn from the reaction 

mixture after 10, 30, 60, 120, 180 and 240 minutes and analysed by means of the HPLC 

method described in Section 3.3.1.  

3.7.1.3 Effect of catalyst loading on the transesterification reaction 

The effect of the amount of catalyst on the transesterification reaction was investigated at 

three different catalyst loadings.  Methanesulfonic acid was chosen as the catalyst for this 

study and the amount of the catalyst was varied from 0 – 5.0 wt.% of the total reaction 

mixture.  In each case, the molar ratio of IL-Ester to butanol and the reaction temperature 

were kept constant at 1:10 and 85 °C, respectively.     

In the presence of 0 wt.% catalyst loading, addition of butanol to IL-Ester resulted in the 

formation of an emulsion.  When the catalyst loadings were increased to 1.0 wt.% and 

5.0 wt.% respectively, the reaction mixture formed a homogeneous phase. 

Samples were withdrawn from the reaction mixture after 10, 30, 60, 120, 180 and 240 

minutes and analysed by means of the HPLC method described in Section 3.3.1. 
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3.7.2 Sample handling and analysis 

All the samples that were collected during the transesterification reaction were 

immediately cooled in an ice-bath and analysed immediately.  In each case, 0.5 mg of the 

sample was weighed into a 10.0 cm3 volumetric flask and diluted to the mark with the 

mobile phase for the HPLC method described in Section 3.3.1.  The diluted samples were 

analysed for IL-OH and IL-Ester.  The conversion and yield of the transesterification 

were calculated from this data.  The transesterification of IL-Ester with butanol is shown 

in Scheme 3.2. 

 

Scheme 3.2: Transesterification of IL-Ester with butanol in the presence of 

methanesulfonic acid as a catalyst. 

3.7.3 Purification of the reaction mixture 

A transesterification reaction was conducted using an IL-Ester: butanol molar ratio of 

1:10 at 85 °C in the presence of 1 wt.% methanesulfonic acid catalyst.  The reaction was 

left to proceed for 5 h prior to quenching.  At this point, the flask contained a mixture of 

unreacted butanol, butyl levulinate, IL-OH, unreacted IL-Ester and methanesulfonic acid.  

The excess butanol was removed from the reaction mixture by means of vacuum 

distillation at 40 °C for 1 h.  The recovered butanol was quantified gravimetrically and 

then its purity determined by GC-FID.  A 20 µL sample of the recovered butanol was 
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dissolved in 10.0 cm3 of hexane and analysed on the GC-FID using the method described 

in Section 3.3.2.    

After the removal of excess butanol, a mixture of methanesulfonic acid, butyl levulinate, 

IL-Ester, and IL-OH was left behind.  Butyl levulinate was extracted from the mixture by 

means of solvent extraction using diethyl ether as the solvent.  The extraction was 

repeated five times with 50 cm3 portions of fresh diethyl ether.  The extracts were 

combined in a 1 000 cm3 pear-shaped evaporating flask and the butyl levulinate was 

isolated from the extract on a rotary evaporator at 1 atm pressure and 40 °C for 1 h.  The 

butyl levulinate was quantified gravimetrically and its purity determined using the GC-

FID method described in Section 3.3.2.  The remaining mixture of IL-OH, IL-Ester and 

methanesulfonic acid was considered as the regenerated IL thereafter.  The molar ratio of 

IL-OH:IL-Ester was estimated from 1H NMR and 19F NMR spectrometry as described in 

Section 3.3.4.  The NMR data was corroborated by analyzing the regenerated IL using 

the HPLC method that is described in Section 3.3.1.   

3.8 Chapter summary 

This chapter described the experimental methodologies and analytical techniques that 

were employed within the current study.  The experiments are presented in a cumulative 

order with to address  the research questions.  The following set of experiments were 

conducted, 

i. Preparation of IL-OH and IL-Ester 

ii. Mutual solubility studies for the [IL-OH + water] system 

iii. Determination of KOW values for IL-Ester and IL-OH 

iv. Extraction of levulinic acid and fumaric acid from aqueous solution 

v. Acid-catalysed transesterification of IL-Ester with butanol and recovery of IL-OH 

The synthesized ILs are not available on the commercial market, however, their 

physicochemical properties were presented in the MSc dissertation preceding the current 

study [51].  All the respective chemical analyses conducted herein were carried out using 

validated analytical methods.   

 



4 Results and Discussion 

A detailed description of the results and observations made during this study are reported 

herein.  The chapter discusses the preparation of IL-OH, the application of IL-OH as a 

reactive extractant for carboxylic acids and, finally, the transesterification of IL-Ester.  

Various analytical methods such as HPLC, FTIR and GC were developed and validated 

for the purpose of monitoring the respective experiments in this study.  The behaviour 

and performance of IL-OH in the reactive extraction of carboxylic acids from aqueous 

solution is also discussed herein.  Finally, the regeneration of IL-OH via the 

transesterification of IL-Ester with butanol is presented.   

4.1 Preparation of ILs 

The ILs used in this study were first synthesized.  A detailed description on the 

preparation and characterization of [HOC6MIM]Cl, IL-OH and IL-Ester can be found in 

Section 3.2 as well as in the MSc dissertation, where physico-chemical properties of IL-

OH and IL-Ester were determined [51].  The organic purities of IL-OH and IL-Ester were 

estimated from 1H NMR to be at least 97.42 and 91.94% respectively.  

The cation:anion ratio in IL-Ester was investigated to determine whether there was any 

leaching of either ion during the esterification reaction.  For this purpose, a quantitative 

19F NMR analysis of assumably pure IL-Ester was conducted in the presence of 

CF3CO2Na as an internal standard.  The experimental quantities of IL-Ester and 

CF3CO2Na in the analytical sample are presented in Table 4.1.  

Table 4.1: Sample preparation for quantitative 19F NMR analysis.  

Analyte  Mass/g Moles  Mole fraction Theoretical 

integral 

IL-Ester 0.0121 2.155 × 10-5 0.127 0.29 

CF3CO2Na 0.0202 1.485 × 10-4 0.873  

The 19F NMR spectrum of IL-Ester in the presence of CF3CO2Na as an internal standard 

is presented in Figure 4.1.  Chemical shifts observed at -76.1157 and -80.0211 ppm are 

due to the fluorine nuclei in CF3CO2Na and IL-Ester, respectively.  The chemical 

structures of the anions are shown adjacent to the respective peaks on the spectrum. 
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Figure 4.1: 19F NMR spectrum of IL-Ester and CF3CO2Na in acetonitrile-d3, with 

CF3CO2Na acting as the internal standard. 

The mole fraction of IL-Ester in the analytical sample was determined from the 19F NMR 

spectrum using Equation 3.5.  The mole fraction of IL-Ester in the sample was found to 

be 0.129, which is consistent with the value reported in Table 4.1.  This suggests that IL-

Ester contains evenly distributed ions.  The differences in the mole fraction values 

determined gravimetrically and from the spectrum can be attributed to analytical error 

during sample preparation.   

4.2 HPLC method development 

The performance of IL-OH in the reactive extraction of carboxylic acids was monitored 

by means of an HPLC method.  This analytical method was used to monitor the following 

experiments: 

• Mutual solubility between IL-OH and water 

• Reactive extraction of fumaric and levulinic acids using IL-OH 

• Transesterification of IL-Ester with butanol 

• Composition of regenerated IL 

The nature of the experiment at hand determined which analyte(s) was/were to be 

monitored during that experiment.   
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The chromatographic method described in Section 3.3.1 provided a reproducible elution 

with excellent resolution between the targeted analytes.  For example, sample 

chromatogram showing the elution of IL-Ester and IL-OH is presented in Figure 4.2 

 

Figure 4.2: Sample chromatogram for the determination of IL-Ester and IL-OH by means 

of HPLC.  IL-Ester and IL-OH were eluted from the column at 2.339 and 3.354 

minutes, respectively.  The solvent front eluted at t = 1.0 minutes. 

The repeatability of the HPLC analytical method was assessed by the precision in the 

retention times of the analytes.  Five replicate samples containing a fixed concentration 

of IL-Ester and IL-OH were analysed and the precision on the retention times for the 

elution of each respective analyte is shown in Table 4.2. 

Table 4.2: HPLC retention times of various analytes at 211 nm. 

Analyte  
Retention time/minutes 

Mean 
Standard 

deviation 1 2 3 4 5 

Levulinic acid 1.385 1.381 1.376 1.382 1.390 1.383 0.005 

Fumaric acid 1.938 1.944 1.947 1.937 1.930 1.939 0.006 

IL-Ester 2.306 2.293 2.236 2.221 2.274 2.266 0.036 

IL-OH 3.354 3.287 3.218 3.202 3.197 3.237 0.034 

 

The HPLC method was primarily designed for the purpose of quantitative analysis.  As a 

result, the calibration protocol ensured the suitability of the HPLC method in determining 

the concentrations of targeted analytes in the different experiments that were conducted 
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within the study.  The calibration parameters for the HPLC determination of fumaric acid, 

IL-Ester, and IL-OH are presented in Table 4.3. 

Table 4.3: Calibration parameters for the HPLC method. 

Parameter Fumaric 

acid 

Levulinic 

acid 

IL-Ester IL-OH 

Range/µg cm-3 5 – 50  30 – 305  20 – 180  20 – 180  

Slope/mAU cm3 µg-1
 170298.5 987.9 7570.0 9416.8 

Standard error of slope 663.5 8.6 78.9 41.5 

R2 0.999 0.997 0.996 0.999 

LOD/µg cm-3 0.013 0.029 0.034 0.015 

LOQ/µg cm-3 0.039 0.087 0.014 0.044 

 

The calibration curves and residuals analysis plots for the calibration data for the 

determination of IL-OH, IL-Ester, fumaric acid and levulinic acid are presented in 

Appendix A.  Sample chromatograms for the elution of fumaric acid and levulinic acid 

are also presented in Appendix A.  The precision and accuracy of the HPLC method are 

presented in Appendix A. 

The calibration parameters indicated that the HPLC analytical method was appropriate 

for use in the determination of IL-OH, IL-Ester, fumaric acid and levulinic acid.   

4.3 GC-FID method development  

The GC-FID method was developed to assay the recovered butanol and as well as the 

butyl levulinate produced from the transesterification reaction.  The repeatability of the 

analytical method was assessed based on the precision of the retention times for the 

analytes as well as the internal standards.  Table 4.4 shows the retention times observed 

during the analysis of five replicate samples of each analyte at a fixed concentration. 

A calibration was made for both butanol and butyl levulinate in the presence ethyl 

levulinate as an internal standard and the calibration parameters are listed in Table 4.5.  

Ethyl levulinate has some chemical similarity to the butyl levulinate and it was not 

expected to be present in the sample matrix.  Furthermore, the chromatographic analysis 

showed a good resolution between ethyl levulinate and both analytes.  
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Figure 4.3: GC-FID sample chromatogram showing the elution of butanol, ethyl 

levulinate and butyl levulinate from a Zebron ZB-WAXPLUS column at 4.035, 

8.5884, and 10.334 minutes, respectively.  

Table 4.4: GC-FID retention times of butanol, ethyl levulinate and butyl levulinate. 

Compound  
Retention time/min 

Mean  
Standard 

deviation 1 2 3 4 5 

Butanol 4.035 4.135 4.140 4.130 4.133 4.135 0.004 

Ethyl 

levulinate 
8.588 8.707 8.708 8.708 8.707 8.684 0.053 

Butyl 

levulinate 
10.334 10.309 10.316 10.310 10.311 10.316 0.010 

Table 4.5: Calibration parameters for the GC-FID method. 

Parameter Butanol Butyl levulinate 

Calibration range/µg cm-3 15 – 200  20 – 250 

Slope 1.3906 0.8897 

Standard error of slope 0.0239 0.01720 

R2 0.9918 0.9896 

LOD/µg cm-3 3.43 3.86 

LOQ/µg cm-3 10.31 11.60 
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The precision and accuracy of the GC method are presented in Appendix B.  The 

calibration parameters indicated that the GC analytical method was appropriate for use in 

the determination of butyl levulinate and butanol.  Therefore, the analytical method was 

well-suited for the purpose of this study. 

4.4 Mutual solubility of IL-OH and IL-Ester with water 

The formation of a biphasic system between the aqueous phase and extractant phase is 

critical in the development of liquid-liquid extraction processes.   

The accumulation of carboxylic acids during fermentation tends to lower the pH of the 

system.  The optimum productivity of fermentation microbes is dependent on pH [147].  

Extractive fermentation can ultimately maintain higher pH values within the system since 

the accumulation of the carboxylic acid is hindered.  However, extractive fermentation is 

usually conducted at suboptimal pH ranges by using conventional molecular solvents, 

which may prove toxic towards the fermentation microbes [148].   

During the reactive extraction of carboxylic acids, the aqueous phase initially contains 

the carboxylic acid to be extracted.  Additionally, an acid catalyst such as methanesulfonic 

acid, may be needed for the reaction between IL-OH and the carboxylic acid during 

chemical extraction.  Thus, it becomes important to understand the phase behaviour of 

the extraction system, i.e., the dependence of the [IL-OH + water] system on pH as well 

as acid catalyst concentration.   

Furthermore, knowledge on the mechanism of the reactive extraction can be derived from 

mutual solubility measurements: the carboxylic acid molecules residing in the aqueous 

phase must be exposed to the extractant, IL-OH.  Dependent on the solubility of IL-OH 

in water, the esterification reaction could either occur in the aqueous phase, the IL phase, 

or the interphase.  

4.4.1 Effect of pH on mutual solubility  

The solubility of water in an imidazolium-based IL is entirely dependent upon the 

formation of hydrogen bonds between the acidic hydrogen of the imidazolium cation and 

the oxygen of water [122, 128].  Strong hydrogen bonding tendency in the polar domains 

of the IL enhances the solubility of water in the IL.  It can be assumed that at low pH, the 

cation of the IL is highly polarized, thereby increasing its tendency to form hydrogen 

bonds with water molecules.  The solubility of water in IL-OH showed a small decrease 
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with increasing pH of the aqueous phase (Figure 4.4).  Hence, over the pH range between 

1 and 6.5 at 25 °C, the water solubility in IL-OH decreases only slightly, but clearly 

linearly from 61.09 mg g-1 to 51.46 mg g-1.   

 

Figure 4.4: Effect of the initial pH of the aqueous phase on the amount of water dissolved 

in the IL-OH at 25 °C (n = 3). 

Figure 4.5 shows that the mole fraction of water in IL-OH does not change significantly 

irrespective of the pH of the aqueous phase.  Simultaneously, the solubility of IL-OH into 

the aqueous phase initially decreased as the pH was increased.  There was a sharp 

decrease in the solubility of IL-OH in water between pH = 1 and pH = 2, but the change 

was almost negligible in the pH range between 2 – 7.   

Table 4.6: Effect of initial pH of the aqueous phase on the solubility of water in IL-OH.   

Parameter  
pH 

1  6.5 

IL-OH water content/mg g-1 61.09 51.46 

Mass of water per 100 g sample/g 6.109 5.146 

Mass of IL-OH per 100 g sample/g 93.891 94.854 

Mole fraction of water  0.625 0.582 

Mole fraction of IL-OH  0.375 0.418 

Freire et al. [122] reported similar observations on the mutual solubilities of imidazolium-

based ILs with water.  It has been recognized that the ability of the IL ions  to interact 

with other solutes and solvents enhances the mutual solubility of ILs with water [128].  
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ILs are mesostructured materials with well-defined polar and non-polar regions.  As a 

result, there is preferential solvation of the polar domains compared with the non-polar 

regions. 

As shown in Figure 4.5, the solubility of IL-OH in water is relatively higher at low pH 

due to the increased tendency of water molecules to interact with the polar domains of 

the cation.   

 

Figure 4.5: Effect of the initial pH of the aqueous phase on the solubility of IL-OH in 

water at 25 °C. 

The polarity of IL-Ester is significantly lower than that of IL-OH.  As a result, the 

solubility of water in IL-Ester is lower than in IL-OH.  Figure 4.6 shows the influence of 

initial pH of the aqueous phase on the solubility of water in IL-Ester.  The reduced 

solubility of water in IL-Ester is due to the reduced tendency of IL-Ester to form hydrogen 

bonds with water.  This is because, as the chain length of the alkyl group increases, the 

charge density is reduced, thereby reducing the polarity of the IL.  Secondly, the 

behaviour of [IL + water] systems is influenced by the formation of hydrogen bonds 

between water and the acidic proton of the imidazolium cation [122].  However, the long 

alkyl-chain in IL-Ester induces steric hindrance, reducing the interaction of the C2 -proton 

with water molecules.   
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Figure 4.6: Effect of the initial pH of the aqueous phase on the amount of water dissolved 

in the IL-Ester at 25 °C (n = 3). 

 

Figure 4.7: Effect of the initial pH of the aqueous phase on the solubility of IL-Ester in 

water at 25 °C.  

Zhou and co-workers used COSMO-RS calculations to systematically predict the mutual 

solubilities of 1500 ILs with water [125].  It was argued that the molecular size of the IL 

is critical to its solubility in water.  Increasing the molecular size of the IL tends to lower 

the charge density and polarity of the respective IL, resulting in a large non-polar surface.  

This in turn reduces the effective interactions with water molecules thereby increasing 

the misfit energy, resulting in reduced solubility.  The alkyl substituent has a non-

negligible effect on the mutual solubilities of IL-OH and IL-Ester with water and this is 

consistent with the theoretical predictions of Zhou et al. [125].   
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In the absence of auxiliary acid catalyst, a higher initial pH of the aqueous phase results 

in less water present in the IL phase.  This is advantageous as it limits the water available 

for any potential hydrolysis of the IL-Ester.  A higher initial pH also results in somewhat 

lower IL-OH concentration in the aqueous phase.  This could be advantageous as it limits 

the loss of IL-OH after phase separation.  However, for esterification, an auxiliary acid is 

often required as a catalyst.  Therefore, the mutual solubility of IL-OH and water in the 

presence of increasing amounts of methanesulfonic acid was investigated.  

4.4.2 Effect of acid catalyst concentration on the aqueous solubility of IL-OH 

Figure 4.8 shows the effect of the addition of the acid catalyst on the solubility of water 

in the IL phase: In the absence of methanesulfonic acid, the aqueous phase has a neutral 

pH and the solubility of water in the IL phase was approximately 50 mg g-1.  Adding the 

smallest amount of methanesulfonic acid into the system resulted in the pH of the aqueous 

phase changing from a neutral pH to pH < 1, as expected when using a strong acid.  

Furthermore, the water uptake by IL-OH increased by approximately 10 mg g-1 

irrespective of the amount of methanesulfonic acid added (up to 12 wt.% tested).  The 

mutual solubility of water and IL-OH in the presence of methanesulfonic acid is similar 

to when sulfuric acid is used, as previously shown in Section 4.4.1.   

 

Figure 4.8: Solubility of water in IL-OH as a function of initial methanesulfonic acid 

concentration in the aqueous phase at 25 °C (n = 3). 
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In a study by Mazan et al. [127] the mutual solubility of water and a series of hydrophobic 

ILs, [C2MIM][NTf2], [C4MIM][NTf2], [C6MIM][NTf2], [C8MIM][NTf2] as a function of 

the initial concentration of hydrochloric acid, in the range 0 to 8 M was investigated.  

Similarly, the solubility of IL-OH into the aqueous phase is independent of the initial 

amount of methanesulfonic acid in the aqueous phase.  The effect of initial amount of 

methanesulfonic acid in the aqueous phase on the aqueous solubility of IL-OH is shown 

in Figure 4.9. 

 

Figure 4.9: Effect of the initial amount of acid catalyst on the aqueous solubility of IL-

OH at 25 °C. 

The pH of the aqueous phase was monitored during the equilibration to establish whether 

methanesulfonic acid prefers to reside in the IL phase or the aqueous phase.  In this case, 

a catalyst loading of 1.0 wt.% was added to separate vials containing equal volumes of 

IL-OH and water.  In one vial, the acid catalyst was added to the aqueous phase while in 

the other vial it was added to the IL phase.  In each case, the temperature was maintained 

at 25 °C.  The pH of the aqueous phases was measured before and after 12 h of 

equilibration as shown in Appendix C, Table C5.  The pH change for the [IL-OH + (water 

+ 1.0 wt.% catalyst)] system shows that the H+ concentration of the aqueous phase 

changed from approximately 0.049 M to 0.030 M.  It can be assumed that the difference 

is due to the methanesulfonic acid being transferred into the IL-OH.  The distribution of 

methanesulfonic acid into the IL phase is approximately 0.633.  The optimal catalyst 

loading should be investigated in the future, for example via response surface 

optimization, where productivity and separation efficiency are the responses.   
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The aqueous solubility of IL-OH is an important factor when considering solvent losses 

and release into the environment.  Furthermore, physicochemical properties of ILs are 

altered by the ILs’ water content.  It must be noted that for hydrophobic ILs of a given 

anion, the solubility in water is largely dependent on the structure of the cation.  The 

hydrophobicity of the cation can be enhanced by increasing the length of the alkyl 

substituents.  Alternatively, the salting-out principle can be employed to reduce the 

solubility of IL-OH in water [149-152]:  The mutual solubility of water and IL-OH can 

be reduced by increasing the ionic strength of the aqueous phase.  Therefore, salting-out-

assisted reactive extraction can enhance the applicability of IL-OH in aqueous biphasic 

systems, improving the extractability of carboxylic acids.  For example, Freire et al. [150] 

studied the effect of sodium salts on the solubility of [C4MIM][NTf2] and they observed 

that the aqueous solubility of the IL is governed by the specific ion effects and the salting-

out of ILs is favoured by increasing the salt concentration.  The choice and amount of the 

salting-out agent must be optimized with respect to IL-OH.  The underlying specific ion 

effects behind the salting-out-assisted reactive extraction of carboxylic acid using IL-OH 

will need further investigation.    

Alternatively, the sustainability and efficiency of IL-based reactive extraction can be 

enhanced by recycling the raffinate stream, using it as a makeup solvent for the 

fermentation.  This can be achieved through process design, integration, and 

intensification. 

4.5 Octanol-water partitioning 

Octanol has a hydroxyl headgroup attached to a lipophilic alkyl chain.  The polar-to-

nonpolar balance within the octanol molecule allows it to be used as a surrogate for 

natural organic materials.  Furthermore, the octanol molecule closely mimics the lipid 

molecules found in biological materials.  As a result, the partition of chemical compounds 

between water and octanol (KOW) is used to estimate the environmental impact of the 

compounds [153].  The environmental impact is estimated based on correlations such as 

the soil sorption coefficient, bioconcentration factor (BCF) and bioaccumulation factors 

(BAF). 

In this study the KOW values IL-Ester and IL-OH were determined as a function of initial 

IL concentration in the aqueous phase.  The investigated concentration ranges of IL-Ester 
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and IL-OH were guided by the LOD and LOQ of the HPLC analytical method, as well as 

the aqueous solubility of the ILs.  The equilibrium concentrations of the ILs are presented 

in Figure 4.10.  The amount of IL-OH transferred into the octanol phase is very low and 

increases slightly with increasing initial concentration of the IL in the aqueous phase.  In 

the case of IL-Ester, there is a significant increase.  IL-Ester has higher KOW values 

compared to IL-OH and this can be attributed to differences in the structural composition.  

There is a greater tendency of hydrogen bonding interactions in IL-OH than in IL-Ester 

and, hence, the concentration of IL-OH will be greater in the aqueous phase than the 

octanol phase thus lowering the value of KOW [154]. Additionally, there are also other 

interactions such as van der Waals forces that help to increase the affinity of IL-Ester for 

octanol.  

 

Figure 4.10: Equilibrium concentrations of IL-OH and IL-Ester in the octanol and 

aqueous phases at 25 °C. 

Montalbán et al. [105] studied the effect of the anion and alkyl chain substituents on the 

KOW values of  various imidazolium-based ILs.  It was observed that the lipophilicity of 

ILs can be lowered by inserting a hydroxyl moeity on the cation.  For example, the KOW 

of 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) and 1-hydroxy-ethyl-3-

methylimidazolium chloride ([HEMIM]Cl) were found to be 0.0849 and 0.0111, 

respectively.  In the same study, the KOW of 1-hexyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([HMIM][NTf2]) was found to be 0.0352 while in this 

study the KOW of IL-OH was found to be approximately 0.0194.  This is keeping with the 
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trend observed by Montalbán et al. [105].  The effect of initial IL concentration on the 

KOW value of IL-Ester and IL-OH is summarized in Tables 4.7 and 4.8, respectively. 

Table 4.7: Effect of initial IL-Ester concentration on KOW. 

[IL-Ester]initial, aq 

/mg L-1 

[IL-Ester]eq, aq 

/mg L-1 

[IL-Ester]eq, octanol 

/mg L-1 
KOW Log KOW  

7.64 7.09 0.55 0.08 -1.11 

25.20 21.89 3.31 0.15 -0.82 

45.49 38.92 6.57 0.17 -0.77 

69.80 58.02 11.77 0.20 -0.69 

91.06 74.41 16.65 0.22 -0.65 

 

Table 4.8: Effect of initial IL-OH concentration on KOW. 

[IL-OH]initial, aq 

/mg L-1 

[IL-OH]eq, aq 

/mg L-1 

[IL-OH]eq, octanol 

/mg L-1 
KOW Log KOW  

11.46 11.26 0.20 0.02 -1.74 

55.33 54.42 0.91 0.02 -1.78 

109.72 107.88 1.84 0.02 -1.77 

16.21 162.82 3.39 0.02 -1.68 

210.95 206.93 4.02 0.02 -1.71 

Figure 4.11 shows the concentration dependence of KOW for both IL-Ester and IL-OH.  

In the case of IL-OH, there is almost no significant change in the KOW as the initial 

concentration of the IL in the aqueous phase was increased, resulting in a KOW of 0.02.  

KOW values for IL-Ester increased with increasing initial concentration of IL-Ester in the 

aqueous phase.   
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Figure 4.11: Effect of initial IL concentration on KOW at 25 °C. 

The KOW of IL-Ester tends to be concentration-dependent.  In a related study, KOW of 

[BMIM][NTf2] was investigated as a function of IL concentration by Köddermann et al. 

[155].  The concentration-dependence of KOW of [BMIM][NTf2] was attributed to the 

partial dissociation of ion pairs.  The study emphasized that there is a higher extent of 

dissociation in the aqueous phase than the octanol phase.   

Jain and Kumar [156], reported that log KOW  values for [BMIM][HSO4] decreased from 

approximately -2.01 to -2.11 when the concentration was increased from 0.01 to 0.03 M.  

Similar observations were made for [HMIM][HSO4] and [OMIM][HSO4].  The shift from 

hydrophilic to hydrophobic character, with the size of the aggregates being heavily 

dependent on the IL’s concentration is attributed to the tendency of ILs to self-agregate 

in aqueous solutions [157, 158]. 

As discussed earlier in Section 2.6.3, the criteria for the identification and classification 

of toxic organic pollutants is well defined by the Stockholm Convention on persistant 

organic pollutants [106].  Based on the measured log KOW values of IL-Ester and IL-OH, 

the probability of IL-Ester and IL-OH to bioaccumulate is low, therefore, it can be 

concluded that the environmental impact of both ILs is low.  IL-OH is a hydrolysis 

product of IL-Ester, therefore the environmental impact of all the ILs present during the 

application of IL-OH and IL-Ester is minimal. 

Compared to the widely used molecular weight solvents, the KOW values of IL-Ester and 

IL-OH are much closer to those of low molecular solvents such as seen in Table 2.7.  In 

addition, KOW values of ILs are significantly lower than those of high molecular weight 
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solvents such as tertiary amines and halogenated solvents.  By interpretation of the KOW 

values, and subsequent lipophilicity, it can be concluded that both IL-Ester and IL-OH 

have a low potential for bioaccumulation.  

4.6 Extraction of carboxylic acids from aqueous solution using IL-OH 

The applicability of IL-OH as a reactive extractant for carboxylic acids was investigated 

using simulated aqueous solutions of levulinic acid or fumaric acid as model fermentation 

solutions.  The selected carboxylic acids represent mono- and di-carboxylic acids as 

shown in Table 4.9.   

Table 4.9: Solubilities of fumaric acid and levulinic acid in water at 25 °C 

Carboxylic acid Type  Molar mass/ 

g mol-1 

Solubility/ 

g L-1 

pKa, 25 °C Ref 

Fumaric acid di- 116.07 7 3.03 (1), 

4.54 (2) 

[159] 

Levulinic acid mono- 116.11 675 4.65 [160] 

The extraction of fumaric or levulinic acids was investigated separately, using initial acid 

concentrations in the ranges between 0 – 4.0 g L-1 and 0.05 – 0.32 M, respectively.  In the 

case of both fumaric and levulinic acid, the initial pH of the aqueous phase was in the 

range between 2 – 3.  The addition of 1.0 wt.% methanesulfonic acid further reduced the 

initial pH of the aqueous phases such that pH < 2.  The chemical extraction described 

herein refers to the extraction conducted in the presence of methanesulfonic acid as a 

catalyst for the esterification of the carboxylic acid with IL-OH.   

The behaviour of the IL and aqueous phases during the extraction of the carboxylic acids 

was consistent with the observations made during the mutual solubility studies in Section 

4.4.  The solubility of water in the IL phase slightly increased with increasing initial 

concentration of the carboxylic acids.  In addition, the presence of methanesulfonic acid 

in the system somewhat increased the solubility of water by a small fraction as shown in 

Figures 4.12 and 4.13. 
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Figure 4.12: Solubility of water in the IL phase during the extraction of fumaric acid. 

 

Figure 4.13: Solubility of water in the IL phase during the extraction of levulinic acid. 

The amount of water transferred into the IL phase increases with increasing initial 

concentration of the carboxylic acid for both physical and chemical extraction.  This can 

be explained in terms of the increase in the number of hydrogen bonding sites in the IL 

phase.  Water molecules will be able to form hydrogen bonds with both the IL and the 

extracted carboxylic acid.  Furthermore, since fumaric acid is a dicarboxylic acid, it has 

an extra hydrogen bonding site compared with levulinic acid which is a monocarboxylic 
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acid.  The extra hydrogen bonding sites allow for further water molecules to dissolve into 

the IL phase and interact with the carboxylic acid molecules already in the IL phase.    

During reactive extraction, the solubility of water in the organic phase is dependent on 

the nature of the extracted acid as well as its concentration.  Tamada and King [19] 

observed that dicarboxylic acids carry more water with them into the organic phase during 

reactive extraction than monocarboxylic acids.  It can be hypothesized that the extracted 

water interacts with the carboxylate group of the carboxylic acid via hydrogen bonding.   

The solubility of IL-OH in the aqueous phase during the extraction of fumaric and 

levulinic acids was also consistent with the observations made in Section 4.4.  There is 

an increased solubility of IL-OH in the aqueous phase during chemical extraction 

compared with physical extraction as shown Figures 4.14 and 4.15.  The solubility of IL-

OH in the aqueous phase during the physical extraction of either levulinic or fumaric acid 

is comparable.  Similar observations were made for the solubility of IL-OH during 

chemical extraction.  

 

Figure 4.14: Effect of initial concentration of fumaric acid on the aqueous solubility of 

IL-OH during the extraction of fumaric acid with IL-OH at 25 °C. 

The physical extraction was conducted in the absence of an auxiliary catalyst thereby 

reducing the possibility of the occurrence of the esterification reaction.  On the other hand, 

a catalyst loading of 1.0 wt.% was added to the system during chemical extraction to 

facilitate the esterification reaction.   
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Figure 4.15: Effect of initial concentration of levulinic acid on the aqueous solubility of 

IL-OH during the extraction of levulinic acid with IL-OH at 25 °C. 

IL-OH was able to physically extract both fumaric and levulinic acids from their 

respective aqueous solutions.  The distribution of both carboxylic acids from the aqueous 

solution into the IL phase was dependent on the initial concentrations of the carboxylic 

acid in the aqueous phase.  In the absence of a catalyst, the carboxylic acid would exhibit 

preferential solubility in the IL phase, exploiting various electrostatic forces and hydrogen 

bonding to make stable interactions with the IL.  The HPLC analytical method described 

in Section 3.3.1 was used to analyse both the IL and aqueous phases, and the 

concentration of IL-Ester in the aqueous phase was below the detection limit (0.034 µg 

cm-3).  This means there was no evidence of a chemical reaction between IL-OH and 

either of the carboxylic acids during physical extraction.  Figure 4.16 shows the 

chromatogram from the analysis of the aqueous phase sampled after the physical 

extraction of levulinic acid.  The method could only detect levulinic acid and IL-OH.  The 

presence of IL-Ester would have been expected at a retention time of 2.266 minutes where 

the chromatogram is clear. 

The expected reaction is equilibrium-driven, and it follows the Fischer esterification 

mechanism, producing water as one of the products.  During physical extraction, the 

aqueous phase provides a large excess of water which hinders the esterification reaction.  

In addition, the extraction was conducted at 25 °C, which does not favour the forward 

reaction of esterification reaction, a strongly exothermic reaction.   
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Figure 4.16: Sample HPLC chromatogram showing the elution of levulinic acid and IL-

OH at 1.498 and 3.005 minutes, respectively.  The analysed sample was taken 

from the aqueous phase after the physical extraction of levulinic acid using IL-

OH at 25 °C.  

 

The operating conditions used during the physical extraction were modified by adding 

methanesulfonic acid, which acted as an acid catalyst.  The presence of an acid catalyst 

enhanced the probability of the occurrence of the esterification reaction.    

The conversion of IL-OH to IL-Ester in aqueous solution is very low due to equilibrium 

limitations.  Increasing the reaction temperature can be used to augment the conversion.  

Furthermore, increasing the initial concentration of carboxylic acid tends to increase the 

amount of acid available to chemically react with the IL-OH, thereby driving the reaction 

forward. 

The effect of the initial water content of the reaction mixture on the esterification reaction 

was investigated.  Increasing the amount of water during an esterification reaction does 

not only affect the equilibrium based on Le Chatelier’s principle.  The concentration of 

the protonated acid in the reaction matrix is reduced by the presence of excess water, 

hindering the reaction.  Altıokka and Çıtak [161] and Goto et al. [162] reported similar 

retardation effects due to the presence of water in an esterification reaction.  

Figure 4.17 shows the effect of initial water content during the esterification of IL-OH 

with levulinic acid at 70 °C.  The conversion of IL-OH decreased with increasing the 

initial amount of water present in the reaction mixture.  The reaction mixture was 

monophasic in the presence of low amounts of water that are within the mutual solubility 
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limits of IL-OH, and a biphasic mixture is formed when the initial amount of water in IL-

OH exceeds 10 wt.% of the IL.  On a molecular level, this translates to a molar percentage 

of 74% water in the mixture.  It is remarkable that the conversion of IL-OH with an 

equimolar amount of levulinic acid still exceeds 80%.   

 

Figure 4.17: Effect of water loading on the esterification of IL-OH with levulinic acid in 

the presence of methanesulfonic acid as a catalyst (1 wt.% with respect to IL-OH) 

at 70 °C using a 1:1 molar ratio of IL-OH to levulinic acid. 

Regardless of the amount of water in the system, the conversion of IL-OH to IL-Ester 

was achieved during the acid-catalysed esterification of reaction in the presence of water.  

Adopting continuous reactor set-ups will be more ideal for the reactive extraction of 

carboxylic acids from aqueous solutions.  The conversion of IL-OH is still expected to be 

consistent with other process variables such as reaction temperature. 

The amount of IL-OH used for the extraction of fumaric and levulinic acid was kept 

constant in all batch experiments.  Hence, the molar ratio of fumaric and levulinic acid 

with respect to IL-OH increased with increasing initial concentration of fumaric and 

levulinic acid in the aqueous phase as shown in Figures 4.18 and 4.19. 
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Figure 4.18: Effect of increasing the initial concentration of fumaric acid on the initial 

molar ratio of fumaric acid with respect to IL-OH at 25 °C.  The reactive 

extraction experiments were conducted in the presence of 1.0 wt.% 

methanesulfonic acid as a catalyst. 

 

 

Figure 4.19: Effect of increasing the initial concentration of levulinic acid on the molar 

ratio of levulinic acid with respect to IL-OH at 25 °C.  The reactive extraction 

experiments were conducted in the presence of 1.0 wt.% methanesulfonic acid as 

a catalyst. 

Increasing the initial concentration of the carboxylic acid in the feed increases its 

extractability by IL-OH as seen in Figures 4.20 and 4.21.  Secondly, the presence of 

methanesulfonic acid during reactive extraction enhanced the extractability of both 
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fumaric and levulinic acid by IL-OH.  The increase in extractability can be attributed to 

the reaction enhanced extraction of fumaric acid by IL-OH where an esterification 

reaction occurs between fumaric acid and IL-OH.   

 

Figure 4.20: Extraction equilibria of fumaric acid with IL-OH at 25 °C.  Experiments 

were conducted using a 1:1 v/v phase ratio.  The reactive extraction was conducted 

in the presence of 1.0 wt.% methanesulfonic acid as a catalyst. 

 

Figure 4.21: Extraction equilibria of levulinic acid with IL-OH at 25 °C.  Experiments 

were conducted using a 1:1 v/v phase ratio.  The reactive extraction was conducted 

in the presence of 1.0 wt.% methanesulfonic acid as a catalyst. 

Detailed data on the extraction is presented in Appendix D. 
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4.7 Transesterification of IL-Ester with butanol, and regeneration of 

IL-OH 

The transesterification of IL-Ester with butanol provides a pathway through which the 

extracted carboxylic acid can be stripped from the IL-OH and is recovered as a value-

added chemical.  Only the IL-Ester derived from levulinic acid was subjected to the acid-

catalysed transesterification reaction.   

4.7.1 Factors affecting the transesterification of IL-Ester with butanol 

The effect of reaction temperature, reactant molar ratio, and catalyst loading on the 

transesterification of IL-Ester with butanol was investigated via batch experiments.   

4.7.1.1 Effect of reactant molar ratio on the transesterification reaction 

The transesterification reaction of IL-Ester with butanol is a reversible reaction.  

Therefore, a stoichiometric excess of butanol was used to create a forward bias [163].  As 

shown in Figure 4.22, increasing the molar ratio from 1:3 to 1:10 significantly increased 

the reaction rate, as well as the maximum conversion after 420 minutes from 72.4 to 

94.2%.  This shows that a higher ratio of alcohol is needed to ensure a rapid rate of 

reaction resulting in a significantly higher yield than at lower ratios.   

 

Figure 4.22: Effect of reactant IL-Ester: butanol molar ratio on the transesterification 

reaction at 85 °C and 1.0 wt.% methanesulfonic acid as a catalyst. 
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4.7.1.2 Effect of temperature on transesterification reaction 

The effect of temperature on the transesterification of IL-Ester with n-butanol was 

investigated at 85 and 115 °C.  Increasing the reaction temperature increases the rate of 

conversion of the reaction as seen in Figure 4.23.  This is because by increasing the 

temperature, the kinetic energy of the reactant particles is increased.  The concomitant 

increase in reaction rate allows the system to reach equilibrium faster.  In the presence of 

1.0 wt.% catalyst, the conversion of IL-Ester after 300 minutes increased from 93.86 to 

96.4% due to the increase in reaction temperature from 85 to 115 °C.   

 

Figure 4.23: Effect of temperature on the transesterification of IL-Ester with butanol in 

the presence of 1.0 wt.% methanesulfonic acid catalyst and an IL: alcohol ratio of 

1:10. 

4.7.1.3 Effect of catalyst loading on the transesterification reaction 

The effect of the amount of catalyst on the transesterification of IL-Ester with butanol 

was investigated within the range 0 – 5.0 wt.%.  In the absence of a catalyst, the reactants 

were immiscible, and they formed a biphasic mixture and as a result this catalyst level 

was not pursued.  As shown in Figure 4.24 increasing catalyst loading from 1.0 to 5.0 

wt.% resulted in a significant increase in the rate of conversion of IL-Ester into butyl 

levulinate and IL-OH.  After 300 minutes, the conversion of IL-Ester increased from 92.3 

to 96.61% due to the increase in catalyst loading from 1 to 5.0 wt.% at 85 °C.   
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Figure 4.24: Effect of methanesulfonic acid catalyst loading on the transesterification of 

IL-Ester with butanol using an IL: alcohol ratio of 1:10 at 85 °C. 

It is important to note that neither the reaction temperature nor the amount of catalyst 

influences the overall degree of conversion but simply the speed of conversion.  However, 

increasing the ratio of butanol increases the percentage conversion during the batch 

esterification of IL-Ester with butanol in the presence of an acid catalyst.   

In principle, the transesterification reaction will be employed to strip the extracted 

carboxylic acids from the IL phase and regenerate the IL.  The regenerated IL will be 

recycled and applied again as a reactive extractant for carboxylic acids. 

4.7.2 Product separation and regeneration of IL-OH 

After transesterification, the reaction mixture comprises of regenerated IL-OH, remaining 

IL-Ester, butyl levulinate, butanol, as well as methanesulfonic acid.  To regenerate IL-

OH, butanol was first removed by distillation, followed by the extraction of butyl 

levulinate.  The remaining mixture of IL-OH, IL-Ester and methanesulfonic acid would 

then be returned to the extraction of the carboxylic acid.  In the following, these steps are 

investigated in detail. 

4.7.2.1 Removal of butanol by distillation 

The unreacted butanol was recovered from the reaction mixture by vacuum distillation at 

40 °C.  When the recovered butanol was analysed with the GC-FID method described in 
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Section 3.3.2, no trace of other organic compounds could be detected.  The average 

retention time for butyl levulinate is approximately 10.312 minutes.  This is evidence that 

the recovered butanol is not contaminated with the reaction products.  Figure 4.25 shows 

a GC-FID chromatogram of the recovered butanol, where butanol and the internal 

standard eluted at 4.026 and 8.587 minutes, respectively.   

 

Figure 4.25: GC-FID determination of butanol on a Zebron ZB-WAXPLUS capillary 

column, in the presence of ethyl levulinate as an internal standard and helium as 

the carrier gas at a flow rate of 1.27 cm3 min-1. 

The recovered butanol was quantified gravimetrically, and it correlated to the reaction 

yield of the transesterification.  The recovered butanol can be re-used, thereby reducing 

the overall input costs.  This will result in the reduction of pollution due to the release of 

butanol into the environment.  Table 4.10 shows that the recovery of unreacted butanol 

from the transesterification reaction is independent of the reactant molar ratio.  The 

observed differences can be attributed to process and handling losses. 

Table 4.10: Recovery of butanol as a function of reactants’ molar ratio. 

IL-Ester: Butanol Recovery yield/% 

1:3 94.11 

1:10 93.83 

An excess of butanol in the product mixture increases the alcohol to product molar ratio.  

Such operating conditions complicate downstream separation and purification protocols, 

imposing additional costs [164].  For example, a higher ratio means that more energy is 

required to recover the excess butanol from the reaction mixture. On the other hand, a 
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higher butanol to IL-Ester ratio is important for the maximum conversion during the 

transesterification reaction.  A compromise can be made to use the lowest excess molar 

ratio of butanol in the reactants.  The influence of process conditions on the total annual 

cost and yield will need to be optimized via a multi-response optimization to establish a 

trade-off between cost of downstream separation and excess butanol needed. 

4.7.2.2 Recovery of butyl levulinate 

The acid-catalysed transesterification of IL-Ester with butanol produces butyl levulinate 

(IUPAC name butyl 4-oxopentanoic acid) as the targeted product.  Butyl levulinate is 

isolated from the reaction mixture by means of solvent extraction with diethyl ether.  A 

yield of 94.62% was achieved.  The isolated butyl levulinate was characterized using 1H 

NMR, 13C NMR, FTIR and GC-FID methods to establish its composition and purity.  The 

structure of the isolated product was confirmed using 1H NMR.  The proton environments 

appearing in the spectrum shown in Figure 4.26 are consistent with the chemical structure 

of butyl levulinate.  The absence of typical chemical shifts for the imidazolium ring in the 

range 7 – 9 ppm suggest that the isolated product, butyl levulinate is free from 

contamination by either IL-OH or IL-Ester. 

 

Figure 4.26: 1H NMR spectrum for butyl levulinate recovered by solvent extraction in 

diethyl ether.  10 mg of sample was dissolved in 0.7 cm3 of acetonitrile-d3. 
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The chemical structure of butyl levulinate has only three functional groups, namely C=O, 

C-O, and C-H.  The FTIR spectrum shown in Figure 4.27 is consistent with the functional 

groups present in butyl levulinate.  The C=O and C-H bands can be observed at 

approximately 1720 and 2960 cm-1, respectively.   

 

Figure 4.27: FTIR spectrum for butyl levulinate.  

4.7.2.3 Regenerated IL-OH 

Irrespective of temperature and catalyst loading used in the transesterification, 

approximately 95% of the IL-OH was regenerated from IL-Ester, as determined by HPLC 

(see Figure 4.28).   

 

Figure 4.28: Sample HPLC chromatogram for the regenerated IL showing IL-OH with 

traces of IL-Ester eluting at 3.002 and 2.345 minutes, respectively. 

1H NMR spectra for the regenerated IL were compared against those of pure IL-Ester and 

IL-OH as shown in Figure 4.29.  The chemical shifts for the protons in the regenerated 

IL were consistent with those of a mixture of IL-Ester and IL-OH.  This confirmed that 
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the behaviour of the cation during the transesterification reaction was consistent with the 

expected reaction mechanism.  The composition of the regenerated IL was also 

determined from the 1H NMR spectrum using Equation 3.5.  The full 1H NMR spectrum 

is presented in Appendix F.  The mole fractions of IL-Ester and IL-OH in the regenerated 

IL were estimated to be 0.059 and 0.941, respectively, confirming the HPLC result.  

 

Figure 4.29: Comparison of 1H NMR spectra for (a) regenerated IL, (b) IL-OH, and (c) 

IL-Ester, recorded in acetonitrile-d3. 

19F NMR spectrometry was used to monitor the [NTf2]
− anion.  The respective ILs were 

analysed after the ion exchange, the esterification, and the transesterification reactions.   

Figure 4.30 shows the 19F NMR spectra of the regenerated IL mixture, as well as pure IL-

OH and IL-Ester, with the chemical shifts of the fluorine nuclei occurring at 

approximately -80 ppm for all three ILs.   

The spectra for all the ILs show a single environment for the fluorine nuclei, which is 

consistent with the [NTF2]
− anion.  Both the esterification and transesterification reactions 

did not result in the formation of new environments with respect to the fluorine nuclei.  

Therefore, it can be concluded that the integrity of the anion is maintained during the 

application of IL-OH as a reactive extractant for carboxylic acids.  

The [NTf2]
− anion in the regenerated IL is common to both IL-OH and IL-Ester.  

Therefore, the number of moles of the [NTf2]
− anion present in the regenerated IL would 

be the sum of the anion in IL-Ester and IL-OH collectively.   
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Figure 4.30: 19F NMR spectra of (a) regenerated IL mixture, (b) IL-OH and (c) IL-Ester 

recorded in acetonitrile-d3. 

Figure 4.31 shows the 19F NMR spectrum of the regenerated IL in the presence of 

CF3CO2Na as an internal standard.  The NMR sample was prepared  by dissolving 12.8 

mg of the regenerated Il and 13.1 mg of CF3COONa in 0.8 cm3 of acetonitrile-d3.  

Chemical shifts due to the fluorine nuclei were observed at -76.1467 and -80.1995 ppm 

for CF3CO2Na and the regenerated IL, respectively.  The number of moles of the [NTf2]
− 

anion in the sample was determined from the 19F NMR spectrum by using Equation 3.5  

The total number of moles of the [NTf2]
−  anion was found to be 1.946 ×10-5 in this 

sample. 

 

Figure 4.31: 19F NMR spectrum of regenerated IL in the presence of CF3CO2Na as an 

internal standard.  The spectrum was recorded in acetonitrile-d3. 
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The cation composition of the regenerated IL mixture was also established by means of 

HPLC.  In this case, 9.1 mg of sample was dissolved in 10 cm3 of the HPLC mobile phase 

and analysed using the analytical protocol described in Section 3.3.1.  The composition 

of the regenerated IL-OH as well as the resulting number of mols of [NTf2]
- is presented 

in Table 4.11, assuming that the cations are paired with [NTf2]
- anions.  By comparison 

with the value found by 19F NMR, it is concluded that all IL cations are paired with the 

[NTf2]
- anion, and no ion exchange has occurred during the reactive extraction and 

transesterification. 

Table 4.11: Composition of the regenerated IL determined by HPLC.  

IL  % Content in 

the sample 
Mass/g Moles  

Total number of 

moles of ILs in 

sample 

IL-Ester 5.02 4.57 × 10-4 8.142 × 10-7 

1.946 × 10-5 
IL-OH 94.98 8.64 × 10-3 1.865 × 10-5 

The FTIR spectrum of the regenerated IL was compared with those of pure IL-OH and 

IL-Ester.  The functional groups in the regenerated IL are consistent with those present 

in both IL-OH and IL-Ester as shown in Figure 4.32. 

 

Figure 4.32: Comparison of FTIR spectra for pure IL-OH, IL-Ester, and regenerated IL. 

The carbonyl band observed at 1719.45 cm-1 is expected for IL-Ester.  However, the same 

band exists in the spectrum for regenerated IL, qualitatively confirming the presence of 

traces of IL-Ester in the regenerated IL, which was not converted to IL-OH during 

transesterification.   



90 

 

4.8 Comparison with common extractants 

The application of IL-OH as a reactive extractant for carboxylic acids is a promising 

innovation.  The formation of IL-Ester during the reactive extraction is evidence of an 

actual chemical reaction leading to formation of covalent bonds between the solute and 

the extractant.  The physicochemical properties of IL-Ester as well as IL-OH are well 

understood.  This is important in evaluating the adherence of this extraction system to the 

solvent selection criteria as described in Table 2.4.   

A comparison of the physicochemical properties of IL-OH and IL Ester with commonly 

used reactive extractants for carboxylic acids is presented in Table 4.12.  The proposed 

extractant system satisfies the solvent selection criteria.   

The reported viscosities of CYPHOS IL-104, [HMIM][PF6] and [HMIM][NTf2] at 25 °C 

are approximately 2011.7, 1572, and 269.4 mPa s, respectively [165].  These ILs have 

previously been investigated as reactive extractants for carboxylic acids from aqueous 

solution [36].  The viscosity of IL-OH at 25 °C is approximately 135 mPa s, which is 

significantly lower than the other ILs.   An inverse relationship exist between the diffusion 

coefficient and the viscosity of the system [166].   

The behaviour of IL-OH and IL-Ester in the presence of aqueous media has been 

investigated, allowing reactor designs to recover the IL from the effluent streams prior to 

discharge into the environment.  Although the solubilities of IL-OH and IL-Ester are 

relatively low, some thought will have to be given to the treatment of the aqueous effluent, 

which is to be done in future studies.  The reactive extraction is conducted at ambient 

temperature while the solvent regeneration step is done at an elevated temperature.  The 

operating conditions for both the extraction and the regeneration step are within the 

thermal stability range for both IL-Ester and IL-OH. 

A comparison of the physicochemical properties of IL-Ester, IL-OH, TOA and Cyphos 

IL-104 is presented in Table 4.12.  TOA and Cyphos IL-104 are examples of a molecular 

organic solvent and an IL used for the extraction of carboxylic acids from aqueous 

solution, respectively.   

The thermal stabilities of IL-OH and IL-Ester show that the IL can be adapted to a wide 

temperature range for both the esterification and transesterification reactions.  
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Furthermore, the log KOW value TOA translate to a high risk of bioaccumulation 

compared with both IL-OH and IL-Ester.    

Table 4.12: Physicochemical properties of IL-OH, IL-Ester, TOA and CYPHOS IL-104. 

 TOAa CYPHOS 

IL–104b 

IL-OHc IL-Esterc 

Molar mass/g mol-1 353.67 773.27 463.42 561.52 

Density25 °C/g cm-3 
 0.809 0.895 1.40 1.36 

Viscosity25 °C/mPa s  8.325 2011.7 135 151.56 

Solubility in water25 °C/g L-1 0.000039 0.01 2.7 0.8 

Water saturation25 °C/wt.% Immiscible  15.3 5.15 2.55 

Log KOW  10.5 Unknown  -1.72 -0.69 

Thermal stability/°C Not 

available 

≤ 250 ≤ 297 ≤ 258 

Chemical reactivity Not 

available 

Not 

available 

Yes Yes  

The superscripts 
a, b and 

c refer to work adapted from [116], [167] and [168], respectively.  

The biphasic systems based on either TOA and Cyphos IL-104 are such that the aqueous 

phase is the dense layer and hence it settles as the bottom phase.  However, in aqueous 

extractions based on IL-OH and IL-Ester, the aqueous phase settles as the lighter phase 

on top of the dense IL phase. 

4.9 Process configuration and preliminary mass balances for reactive 

extraction of carboxylic acids 

The design of commercial industrial processes follows a three-step strategy.  The key step 

focuses on proof of concept and feasibility studies, defining process objectives and 

variables [169].  It is important to establish an overall statement regarding the 

conservation of materials involved in the process during this stage.  Data derived from 

feasibility studies is used for the optimization of design configurations during the later 

stages of process design.  Simulation models are developed at this stage.  Inputs such as 

reactor sizing, pumping requirements, as well as heat and energy needs, are estimated 

based on the previous step.   
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Figure 4.33 shows one of several possible process configurations for the application of 

IL-OH in the reactive extraction of carboxylic acids from aqueous solution.  Ideally, the 

fermentation broth would be derived from a bioreactor.  Prior to the extraction step, the 

broth will be filtered-off to recover the microorganisms for reuse in the fermentation 

process.  The carboxylic acids will be extracted from the filtered broth using IL-OH.  

Regardless of mutual solubility, the density difference between the IL phase and water 

readily allows for phase separation to take place, thus the raffinate phase can be easily 

isolated and recycled.  The IL phase is subjected to a transesterification reaction in the 

presence of an excess amount of alcohol, where the extracted carboxylic acid is converted 

to an alkyl-ester.  This reaction simultaneously regenerates IL-OH.  The composition of 

the IL phase is determined by the extent of conversion during the reaction.  The unreacted 

alcohol is recovered through vacuum distillation and reused in the transesterification 

stage.  A solvent extraction protocol will then be employed to isolate and purify the alkyl-

ester.   

RE
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Figure 4.33: Idealized set-up for the reactive extraction of carboxylic acids using IL-OH. 



93 

 

A techno-economic assessment (TEA) of the whole process can then be conducted as the 

final step in process design.  TEA is based on the optimum operating conditions and, 

therefore, validates the process [169, 170].  The validation process forms a basis for 

informed decision-making regarding the adoption and commercialization of the proposed 

technological designs.  TEA is very useful in the identification of investment 

opportunities. 

A case scenario was conducted with a solution of 10 wt.% levulinic acid.  A mass balance 

calculation was established based on the experimental data from this study.  The 

following assumptions were used as a basis in the respective calculations: 

i. The solubility of IL-OH in water at 25 °C is 2.5 g L-1. 

ii. The solubility of water in IL-OH at 25 °C is 56 mg g-1 IL.  

iii. The distribution coefficient of levulinic acid for the reactive extraction of 

levulinic acid with IL-OH is 9.96 when the initial concentration of levulinic 

acid is 10 wt.%. 

iv. 6.05% of the extracted levulinic acid is bound in IL-Ester.  

v. At 85 °C, the transesterification of IL-Ester with butanol, and esterification of 

levulinic acid, in the presence of a 1:10 molar excess of butanol achieves 

approximately 95% conversion. 

vi. Methanesulfonic acid dissolved in the IL phase during the reactive extraction 

step remains quantitatively within the system and is also utilised as a catalyst 

during the transesterification reaction.  However, the methanesulfonic acid 

transferred into the raffinate can be compensated by careful top-ups. 

vii. The vacuum distillation step achieves complete removal of unreacted butanol 

from the transesterification mixture.  

The mass balance calculation is based on changes in the composition of interconnecting 

streams between the extraction and the back-extraction stages.  Tables 4.13 – 4.16 present 

the tabulated mass balance data with respect to individual stages during the process.  The 

extraction of levulinic acid is achieved by mixing IL-OH with the aqueous solution, at 

which point phase miscibility, physical extraction, and chemical extraction are inevitable.  

Chemical extraction is driven by an acid-catalysed esterification reaction between IL-OH 
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and levulinic acid.  The esterification reaction introduces new chemical species, i.e., IL-

Ester into the system.   

Table 4.13: Mass balance data for the reactive extraction of levulinic acid stage. 

Component 
Mass/g 

IN OUT aq phase OUT IL phase 

IL-OH 701 2.511 656.04 

IL-Ester 0 1.43 49.77 

Methanesulfonic acid 7.01 4.21 2.80 

Levulinic acid 100.24 9.33 80.80 

Water 1000 963.26 36.74 

Total 1808.25 980.75 826.15 

 

∑IN - ∑OUT  =  1.35 g 

The water produced during the esterification reaction cannot be neglected.  The IL and 

aqueous phases readily phase separate, and two streams exit the extractor.  The IL phase 

identifies as the product stream since it carries the extracted carboxylic acid.  The aqueous 

phase contains the unextracted carboxylic acid, hence it identifies as the raffinate phase.  

The principal component of solvent extraction-based processes is the solvent.  Phase-

trapping due to mutual solubility is undesirable as it leads to cumulative solvent losses.  

The re-use of solvent and minimization of solvent losses is of great importance.  The 

entrainment of IL-OH in the aqueous stream can be reduced by improving phase 

separation and recycling the raffinate stream to the fermentation broth.  The overall 

changes in the composition of both phases are dependent on the extraction and separation 

efficiencies.  

The transesterification stage is driven by a chemical reaction and a new component, butyl 

levulinate is produced in the system, reducing both IL-Ester and levulinic acid while 

increasing IL-OH. 
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Table 4.14: Mass balance data for the transesterification stage. 

 

 

 

 

 

 

 

 

 

∑IN - ∑OUT  =  -0.0059 g 

The vacuum distillation stage is a separation process aimed towards the recovery of 

unreacted butanol from the transesterification mixture.  The absence of a chemical 

reaction at this stage must be emphasised, therefore no accumulation or consumption of 

chemical species is expected.  The recovered butanol is recycled back into the 

transesterification stage to improve mass utilisation efficiency.   

Table 4.15: Mass balance data for the vacuum distillation stage. 

Component Mass/g 

IN 
OUT 

Condensate 

OUT 

IL phase 

IL-OH 695.06 
 

695.06 

Methanesulfonic acid 2.80 
 

2.80 

Levulinic acid 4.04 
 

4.04 

Water 48.65 
 

48.65 

IL-Ester 2.49 
 

2.49 

Butanol 526.27 526.27 
 

Butyl levulinate 128.36 
 

128.36 

Total 1407.67 526.27 881.40 

 

∑IN - ∑OUT  =  0.00 g 

 Component Mass/g 

IN OUT 

IL-OH 656.04 695.06 

Methanesulfonic acid 2.80 2.8 

Levulinic acid 80.80 4.04 

Water 36.74 48.65 

IL-Ester 49.77 2.49 

Butanol 581.51 526.27 

Butyl levulinate 
 

128.36 

Total 1407.67 1407.67 
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Table 4.16: Mass balance data for the solvent recovery of butyl levulinate. 

Component 

Mass/g 

IN 
OUT 

Extract phase 

OUT 

IL phase 

IL-OH 695.06 
 

695.06 

Methanesulfonic acid 2.80 
 

2.80 

Levulinic acid 4.04 
 

4.04 

Water 48.65 
 

48.65 

IL-Ester 2.49 
 

2.49 

Butyl levulinate 128.36 128.36 
 

Total 881.40 128.36 753.04 

 

∑IN - ∑OUT  =  0.00 g 

Butyl levulinate is isolated from the regenerated IL-OH by means of solvent extraction.  

The regenerated IL-OH is recycled and reused without further purification.  The overall 

mass balance is presented in Figure 4.34. 
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Figure 4.34: Overall mass balance for the reactive extraction of levulinic acid from aqueous solution using IL-OH. 
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4.10 Chapter summary 

This chapter discussed the synthesis and application of a hydroxyl-functionalized IL in 

the reactive extraction of levulinic acid and fumaric acid from aqueous solution.  A 

summary of all the chemical reactions occurring during the synthesis and application of 

IL-OH are shown in Scheme 4.1.  Levulinic acid was chosen as a model carboxylic acid 

and similar reactions are expected in the case of other carboxylic acids, as was the case 

for fumaric acid.   

 

Scheme 4.1: Synthesis and application of IL-OH in the reactive extraction of levulinic 

acid. 
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Data derived from this study will serve as a basis for the design of IL-based reactive 

extraction systems, incorporating minor modifications, adjustments, and optimizations 

where necessary. 

Minimal environmental risk is presented by the discharge of IL-OH and IL-Ester into the 

environment as predicted from their low KOW values, that indicate little likelihood of 

bioaccumulation. 



5 Conclusions, outlook, and future work 

The conclusions derived from the application of a hydroxyl-functionalized IL in the 

recovery of carboxylic acids such as levulinic and fumaric acids from aqueous solutions 

are described herein.  The conclusions are based on the objectives and results of the study.  

The chapter also outlines the implications of the conclusions made herein, establishing 

the basis and recommendations for future work.   

5.1 Conclusions 

The current study investigated the application of IL-OH as a reactive extractant for 

levulinic and fumaric acids from aqueous solution.  The operating conditions for reactive 

extraction result in a noticeable mutual solubility between water and both IL-OH and IL-

Ester.  The mutual solubility of water and the ILs must be reduced to minimize solvent 

losses, thereby enhancing the economic viability of IL-based reactive extraction 

processes.  Details of the conclusions are presented in the following subsections.  

5.1.1 Application of IL-OH as a reactive extractant 

IL-OH is an alcohol-functionalized IL that can extract carboxylic acids from aqueous 

solution by means of an esterification reaction.  The chemical reaction enhances the 

extractability of the carboxylic acids from aqueous solutions.  It can be concluded that 

the application of IL-OH as a reactive extractant for carboxylic acids from aqueous 

solution is an attractive alternative.   

The extractability of both levulinic acid and fumaric acid were found to be dependent on 

the following factors: 

- Initial concentration of the carboxylic acid, and 

- Extraction mechanism (physical and chemical extraction). 

In physical extraction, the extractability of both fumaric and levulinic acid was driven by 

the physical partitioning of the acids from the aqueous phase into the IL phase.  When 

investigations were conducted using 0.034 M and 0.059 M solutions of fumaric and 

levulinic acid, respectively, the extraction efficiencies for fumaric and levulinic acid were 

found to be 40.13% and 82.80%, respectively.  In the presence of 1.0 wt.% 

methanesulfonic acid as a catalyst, the extraction efficiency improved for both fumaric 



101 

 

and levulinic acid.  The extraction efficiency of fumaric and levulinic acid improved to 

75.68% and 93.03%, respectively.   

Physical and chemical extraction efficiencies decreased with increasing initial acid 

concentration for both acids.  Increasing the initial concentration of fumaric acid from 

0.004 M to 0.034 M resulted in the extraction efficiency decreasing from 64.45 to 40.13% 

and 77.53 to 75.68% during chemical extraction, respectively. Similarly, the extraction 

efficiency of levulinic acid decreased from 93.88 to 82.80% and 96.76 to 91.87% during 

physical and chemical extraction from 0.059 M – 0.243 M solutions, respectively.  

However, the extractability of both fumaric and levulinic acid was significantly higher 

during chemical extraction.   

Multiple carboxylic acids and alcohols are produced as co-products in a real fermentation 

broth.  For example, formic acid and acetic acid are typical co-products of fermentation.  

The rate at which products accumulate is determined by the process conditions.  The 

selectivity of the reactive extraction system is therefore influenced by the available 

composition of the products and feed.  Extractive fermentation will convert the different 

carboxylic acids in the broth into different esters of the IL-OH which can easily be 

separated by reactive distillation.  The reactive distillation can be designed based on the 

transesterification reaction.  This reduces the need for auxiliary reagents and occurrence 

of undesirable side-reactions.  

It is important to optimize product selectivity in the esterification of polycarboxyic acids 

with IL-OH.  The nature of the ester present in the transesterification stage is influential 

to the reaction conditions needed for the efficient back-extraction of the extracted 

carboxylic acid.  

5.1.2 Isolation of extracted carboxylic acid and regeneration of IL-OH 

The recovery of the chemically extracted carboxylic acid from the IL phase can be 

achieved by means of an acid-catalysed transesterification reaction.  A stoichiometric 

excess of butanol is used to drive the reaction to completion.  In principle, the choice of 

the resulting alky-ester can be customized through a careful selection of the alcohol used 

for the alcoholysis of IL-Ester.  Furthermore, the physically extracted carboxylic acid will 

also react with the alcohol in an esterification reaction, producing the same alky-ester as 
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the transesterification reaction.  The recovery of excess butanol from the 

transesterification mixture exceeds 95%, allowing for recirculation and recycling of the 

alcohol.  Liquid-liquid extraction with diethyl ether can be employed to isolate and purify 

the alkyl-ester.   

5.1.3 Environmental impact of IL-OH and IL-Ester 

As for other solvents, being used in the extraction of aqueous fermentation broths, there 

is a risk that ILs are emitted from the proposed process.  While there is no biodegradability 

and toxicity data on these novel ILs developed, the environmental impact of IL-OH and 

IL-Ester was estimated from their respective KOW values.  The magnitudes of the KOW 

values of both IL-Ester and IL-OH allow for the assumption that the environmental 

impact (bioaccumulation) of both ILs is minimal.  IL-OH and IL-Ester have lower 

environmental impact than conventional solvents that are currently employed as 

extractants.  

The environmental impact of the precursors, intermediates and degradation products 

involved in the preparation and utilization of ILs also needs to be clearly defined.  The 

discharge and accumulation of ILs into the environment is inevitable.  The degradation 

of IL-OH and IL-Ester in an aqueous environment must be investigated.  A detailed study 

on the degradation mechanisms of hydroxyl- and ester-functionalized ILs must be 

conducted to establish the actual degradation products. 

5.1.4 Process design and configuration  

The proposed model has clearly defined stages for the reactive extraction of carboxylic 

acids from aqueous solution with IL-OH.  In the case of mixed-acid solutions, the reaction 

conditions can be designed to favour selectivity to multiple esters of IL-OH, which can 

later be transformed to alkyl esters during the transesterification stage.  The resulting alkyl 

esters have different boiling points and can easily be separated by vacuum distillation.  It 

is expected that the proposed model provides a conceptual framework for understanding 

the stages of IL-based reactive extraction, and thus serves as a basis for the design of 

reactive extraction processes. 
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5.2 Outlook  

The proof of concept for the application of IL-OH for the reactive extraction of carboxylic 

acids has been established herein.  The proposed IL displays properties of a promising 

reactive extractant and can be applied for the recovery any carboxylic acid.  However, 

optimization of the individual process conditions will be required for different carboxylic 

acids.  Secondly, novel IL-Esters can be synthesized and characterized to determine the 

physicochemical data.  Such data is useful in predicting the phase behaviour during the 

application of IL-OH.   

The use of IL-OH as a reactive extractant during extractive fermentation will promote the 

continuous removal of accumulating product(s), thereby reducing chances of end-product 

inhibition, thereby increasing the productivity of the microbes.  The preparation and 

application of IL-OH must be evaluated based on a technoeconomic assessment criteria.  

The economic feasibility is used as a basis for financial investment as discussed by 

Dzigbor and Chimphango [171].   

Finally, the presence of carboxylic acids in aqueous media can be attributed to both 

biochemical and chemical processes.  Carboxylic acids are value-added chemicals, and 

their recovery, isolation, and purification are of great importance at industrial level.  This 

study has developed a platform that can be applied for the recovery and isolation of a 

large range of carboxylic acids from aqueous media.  Additionally, this platform may be 

applicable to the extraction of carboxylic acids from industrial waste waters to lower 

COD. 

5.3 Future work 

This study sets the foundation for further research on the selective recovery of carboxylic 

acids from aqueous solutions using IL-OH.  The current study encountered several 

limitations which were beyond the scope of the study.  To allow for the adoption of IL-

based reactive extraction systems in biorefineries, there is need for further improvements 

of the reactive extraction process proposed herein.  Furthermore, the extractability of 

carboxylic acids must also be investigated as a function of the productivity of the 

fermentation broth.    
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The application of IL-OH in the reactive extraction of carboxylic acids from aqueous 

solution demonstrates an integrated, extractive fermentation process.  However, it must 

be noted, that the esterification reactive extraction is an acid-catalysed reaction, thus 

operates at suboptimal pH levels with respect to the fermentation process.  Similarly, the 

transesterification reaction used for the back-extraction of the carboxylic acids and 

solvent regeneration is also an acid-catalysed reaction.  Unfortunately, such operating 

conditions lead to reduced productivity during the fermentation process.  Therefore, it is 

important to investigate the potential impact of the acid catalysts on extractive 

fermentation processes. 

It is important to investigate the selectivity of the esterification of mixed carboxylic acids 

with IL-OH.  Furthermore, product selectivity in the case of polycarboxylic acids must 

also be investigated.  The optimal acid catalyst concentrations needed for the extractive 

esterification must be determined via response surface optimization. 

Future work must be directed on establishing the kinetics of the reactive extraction of 

carboxylic acids with IL-OH.  The effect of the chemical reaction on mass transfer during 

the reactive extraction of carboxylic acids with IL-OH must be explained using kinetic 

parameters.  It is also important to determine whether the reaction is occurring in the 

aqueous phase, at the liquid interface, or in the IL phase. 

The model proposed herein must be validated.  The validations will establish the extent 

to which the model deviates from experimental data.  Furthermore, the validated model 

can be used to estimate the energy requirements of the overall process, providing a 

detailed framework and methodology for calculating parameters such as feed targets, 

concentrations, and reactor sizing, among others.  Future studies must attempt to integrate 

the proposed model in TEA models to establish optimal designs for IL-based extractive 

fermentation processes.   

Finally, the proposed model can be modified and adapted for the recovery of other bio-

based chemicals such as alcohols and phenols from aqueous solutions.  This can be 

achieved by modifying the IL, through substituting the hydroxyl functionality with other 

reactive functionalities such as carboxyl and nitrile groups.
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Appendix A: HPLC data 

 

Figure A 1: HPLC calibration curve for determination of IL-OH at 211 nm. 

 

 

Figure A 2: Residuals plot for the calibration curve for the determination of IL-OH. 
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Figure A 3: HPLC calibration curve for determination of IL-Ester at 211 nm. 

 

 

Figure A 4: Residuals plot for the calibration curve for the determination of IL-Ester. 

 

 

Figure A 5: HPLC calibration curve for determination of levulinic acid at 210 nm. 
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Figure A 6: Residuals plot for the calibration curve for the determination of levulinic acid. 

 

 

Figure A 7: HPLC calibration curve for determination of fumaric acid at 211 nm. 

 

 

Figure A 8: Residuals plot for the calibration curve for the determination of fumaric acid. 
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Figure A 9: Sample chromatogram for the elution of fumaric acid at 1.908 minutes using 

the HPLC method. 

 

Figure A 10: Sample chromatogram for the elution of levulinic acid at 1.384 minutes 

using the HPLC method. 

 

Figure A 11: Sample chromatogram for the blank injection during the HPLC analysis. 

The solvent front was eluted at t = 1.137 minutes.  
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Table A 1: Analytical precision in the determination of IL-OH. 

Concentration

/mg L-1 

Intra-day (n = 6) Accuracy/

% 

Inter-day (n = 3) Accuracy/

% Mean stdev Mean stdev 

10 10.08 0.21 100.8 9.92 0.47 99.2 

50 50.85  0.71 101.7 51.06 1.31 102.12 

200 200.06 0.74 100.03 198.37 1.70 99.19 

Table A 2: Analytical precision in the determination of levulinic acid. 

Concentration

/mg L-1 

Intra-day (n = 6) Accuracy/

% 

Inter-day (n = 3) Accuracy/

% Mean stdev Mean %RSD 

60 58.71 0.01 95.97 60.32 2.39 100.53 

120 118.45 2.89  98.71 121.08 1.58 100.90 

180 176.44 3.59 98.02 178.63 3.74 99.24 

Table A 3: Analytical precision in the determination of fumaric acid. 

Concentration

/mg L-1 

Intra-day (n = 6) Accuracy/

% 

Inter-day (n = 3) Accuracy/

% Mean %RSD Mean %RSD 

10 5.03 0.09 100.61 9.72 0.88 97.19 

20 20.84  0.34 104.21 20.03 0.46 100.16 

50 51.77 0.75 103.53 51.42 1.07 102.84 

Table A 4: Analytical precision in the determination of IL-Ester. 

Concentration

/mg L-1 

Intra-day (n = 6) Accuracy/

% 

Inter-day (n = 3) Accuracy/

% Mean %RSD Mean %RSD 

30 29.84 2.16 99.47 31.43 2.37 104.77 

75 76.07 1.85 101.43 74.86 2.10 99.81 

120 119.63 2.17 99.69 120.51 1.99 100.43 
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Appendix B: GC data 

 

Figure B 1: GC-FID calibration curve for the determination of butanol in the presence of 

ethyl levulinate as an internal standard. 

 

 

Figure B 2: Residuals plot for the calibration curve for the determination of butanol using 

GC-FID.  
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Figure B 3: GC-FID calibration curve for the determination of butyl levulinate in the 

presence of ethyl levulinate as an internal standard. 

 

Figure B 4: Residuals plot for the calibration curve for the determination of butyl 

levulinate using GC-FID. 

Table B 1: Analytical precision in the determination of butanol (n = 6). 

Concentration

/mg L-1 

Intra-day Accuracy

% 

Inter-day 
Accuracy% 

Mean %RSD Mean %RSD 

50 49.37 1.29 98.74    

85     88.05 0.63 103.58 

Table B 2: Analytical precision in the determination of butyl levulinate (n = 6). 

Concentration

/mg L-1 

Intra-day Accuracy

% 

Inter-day 
Accuracy% 

Mean %RSD Mean %RSD 

100 101.18 2.35 106.76 99.04 2.38 99.04 
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Appendix C: Extraction data 

Table C 1: Physical extraction of fumaric acid with IL-OH at 25 °C. 

Initial concentration/g L-1 
Equilibrium concentration/ g L-1 

KD E% 
Aqueous phase IL phase 

0.4644 0.1651 0.2993 1.8128 64.4488 

0.9603 0.3820 0.5783 1.5138 60.2208 

1.9127 0.9249 0.9878 1.0680 51.6443 

2.8730 1.5901 1.2829 0.8068 44.6537 

3.9356 2.3563 1.5793 0.6702 40.1286 

Table C 2: Reactive extraction of fumaric acid with IL-OH at 25 °C. 

Initial concentration/ g L-1 
Equilibrium concentration/ g L-1 

KD E% 
Aqueous phase IL phase 

0.3467 0.0779 0.2688 3.4506 77.5310 

1.0402 0.2088 0.8314 3.9818 79.9269 

1.7336 0.4632 1.2704 2.7427 73.2810 

2.4271 0.6941 1.8958 2.7313 73.1997 

3.9000 0.9486 2.9514 3.1113 75.6769 

Table C 3:Physical extraction of levulinic acid with IL-OH at 25 °C. 

Initial 

concentration/M 

Equilibrium concentration/M 
KD E% 

Aqueous phase IL phase 

0.059 0.0036 0.0551 15.3056 93.8671 

0.118 0.0144 0.1040 7.2222 87.8378 

0.176 0.0251 0.1513 6.0279 85.7710 

0.243 0.0417 0.2008 4.8153 82.8041 
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Table C 4: Reactive extraction of levulinic acid with IL-OH at 25 °C. 

Initial 

concentration/M 

Equilibrium concentration/M 
KD E% 

Aqueous phase IL phase 

0.0587 0.0019 0.0568 29.8947 96.7632 

0.1184 0.0054 0.1131 20.9444 95.4430 

0.1764 0.0101 0.1663 16.4654 94.2744 

0.2425 0.0169 0.2256 13.3491 93.0309 

0.3225 0.0262 0.2962 11.3053 91.8735 

 

Conversion of pH to concentration 

The concentration of an aqueous phase can be derived from pH values by using Equation 

C 1.  

 𝑝𝐻 =  −𝑙𝑜𝑔 [𝐻+] (C 1) 

where the molar concentration of the hydrogen ion is denoted by [H+] 

Table C 5: Converting Between pH and hydrogen ion concentration. 

Experiment 
Aqueous phase pH 

Initial  Final  Initial [H+]/M Final [H+]/M 

(IL-OH + 1.0 wt.% catalyst) 

+ water 

6.87 1.55 1.35 × 10-7 0.028 

IL-OH + (water + 1.0 wt.% 

catalyst) 

1.31 1.52 0.049 0.030 
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Appendix D: Group contribution data 

The densities of the IL-OH precursor ([HOC6MIM]Cl), IL-OH, and IL-Ester were 

estimated from their refractive indices, respectively.  The group contribution method 

developed by Wildman and Crippen [172] was applied.  This method estimates the molar 

refractivity of a compound by totalling the atomic contributions using tabulated data 

presented in Table D 1. 

Table D 1: Atom type description and contributions to obtain Pcalc [172]. 

Wildman and  

Crippen 

descriptor type 

(i) 

Description 

Atom 

contribution 

(a) 

H1 H (any in the ILs assessed, except -OH) 1.057 

H2 -OH 1.395 

C1 CH3 in acetate, methane sulfonate (anion); 

aliphatic CH3 and CH2 (levulinate and cation, 

except for those specified under C3),  

2.503 

C3 CH3 or CH2-CH2 on N of imidazolium and 

pyridinium 

2.753 

C4 CF3 in [CF3SO3]
− and [NTf2]

− 2.731 

C5 Carboxyl and carbonyl  C in [CH3CO2]
−, and ester 

of levulinic acid 

5.007 

C11 Aromatic in imidazolium and pyridinium 2.582 

CS CF3 and CF2 of perfluoroalkyl chains 3.243 

N14 N in imidazolium and pyridinium 3.359 

NS N in [NTf2]
− 2.134 

S2 S in [NTf2]
−, [CF3SO3]

− and [CH3SO3]
− 7.365 

OS O in [CF3SO3]
− and [CH3SO3]

− 0.6865 

O1 O in [NTf2]
− 1.080 

O2 OH 0.8238 

O3 -O- in levulinic acid ester 1.085 

O9 =O in [CH3CO2]
− and ester of levulinic acid 0.000 

Cl chloride 5.853 

F F in [NTf2]
−, [CF3SO3]

− and perfluoroalkyl chains 1.108 

I iodide 14.02 

The experimentally determined refractive index (at a given temperature) is then applied 

to calculate the density according to Equation D 1.   
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 𝑉𝑀 =  
𝑀

𝜌
 (D 1) 

where VM, M and ρ are the molar volume, molar mass, and density, respectively. 

From an experimental point of view, this is of interest because refractive index 

measurements require a much smaller sample size, and feature a smaller error compared 

to density measurements.  Figure D 1 shows the correlation of the experimental and 

refractive index-derived densities of twenty ILs, including those of this and as well as a 

previous study on cation-fluorinated ILs conducted in our research group by Diejomaoh 

Abafe et al. [173].  The coefficient of determination over the whole data set is > 0.98, 

with an average standard deviation of 1.66%.  It must be noted that Figure D 1 is based 

on experimental data for refractive index and density measurements at the same 

temperature for a given IL (see Table D 2).   

 

Figure D 1: Correlation of the experimental and refractive index-derived densities of a 

large set of ILs, Table D 2. 

 

Also, from the temperature-dependent refractive index data of this study [168], the 

corresponding density at a required temperature could be obtained with coefficients of 

determinations > 0.99 for both the pure IL-OH and IL-Ester, as well as a 1:1 mixture of 

[IL-OH + IL-Ester] over the temperature range from 30 – 70 °C as shown in Figure D2. 
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Figure D 2: Correlation of the experimental and refractive index-derived densities of IL-

OH, IL-Ester and their 1:1 mixture at temperatures between 30 and 70 °C. 

Table D 2: Prediction of density from molar refraction. 

Ionic liquid 

R 

(group 

contrib.) 

M  

/g mol-1 

n 

(exp) 

Density 

(calc)  

/g cm-3 

Density 

(exp)  

/g cm-3 

Error 

/% 

Ref. density 

data 

[F13C8MIM][OAc] 77.8360 488.25 1.3881 1.4805 1.4786 0.13 60 °C; [173] 

[F13C8MIM][OTf] 81.2615 578.27 1.3844 1.6653 1.7094 -2.58 60 °C; [173] 

[F13C8MIM][NTf2] 100.4490 709.34 1.3704 1.5988 1.6487 -3.03 60 °C; [173] 

[F13C8Py]][NTf2] 98.4440 706.34 1.3811 1.6663 1.6566 0.58 60 °C; [173] 

[C8MIM][OAc]  72.7330 254.37 1.4625 0.9624 0.9826 -2.06 60 °C; [173] 

[C8MIM][OTf] 76.1585 344.39 1.4318 1.1724 1.1668 0.48 60 °C; [173] 

[C8MIM][NTf2] 95.3460 475.47 1.4222 1.2677 1.2316 2.93 60 °C; [173] 

[C8Py][NTf2] 93.3410 472.46 1.4354 1.3219 1.2935 2.19 60 °C; [173] 

[C2MIM][NTf2] 67.6440 391.30 1.4198 1.4633 1.5130 -3.29 30 °C; [174] 

[C2MIM][OAc] 45.0310 170.21 1.4973 1.1066 1.0990 0.70 25 °C; [175] 

[C2MIM][MeSO3] 48.0755 206.26 1.4928 1.2464 1.2400 0.52 20 °C; [174] 

[C4MIM][NTf2] 76.8780 419.36 1.4510 1.4687 1.4363 2.26 25 °C; [176] 

[C4MIM] [OTf] 57.6905 288.29 1.4330 1.2987 1.2968 0.15 20 °C; [177] 
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[C6MIM]I 66.8380 294.18 1.5490 1.4000 1.3814 1.35 25 °C; [176]  

[C6MIM][NTf2] 86.1120 447.41 1.4295 1.3408 1.3710 -2.20 25 °C; [177] 

[C6MIM]Cl 58.6710 202.73 1.5150 1.0420 1.0300 1.16 25 °C; [178] 

[C8MIM]Cl 67.9050 230.78 1.5050 1.0080 1.0000 0.80 25 °C; [178] 

IL-OH 87.2738 463.41 1.4306 1.3733 1.3890 -1.13 60 °C; This 

work 

IL-Ester 111.0620 561.51 1.4361 1.3223 1.3385 -1.21 60 °C; This 

work 

[HOC6MIM]Cl 59.8328 218.73 1.4840 1.0459 1.0944 -4.43 60 °C; This 

work 
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Appendix E: NMR spectra 

 

Figure E 1: 1H NMR spectrum of the regenerated IL in acetonitrile-d3. 




