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Abstract 

Although the biosynthesis of n-butanol and succinic acid can afford renewable fuels, solvents, and 

chemical intermediates, these bioprocesses suffer from the cytotoxicity of their end products, leading to 

reduced production rates. In-situ product removal using a two-phase partitioning bioreactor (TPPB) can 

alleviate this problem by sequestering reaction products in a secondary, non-aqueous phase. Effective 

sorbents for TPPB applications are biocompatible materials with a high thermodynamic affinity for the 

product, as quantified by partition coefficient (PC), and a preference for solute over water, as measured by 

selectivity (α). 

In this work, the absorptive capacity of imidazolium-based ionic liquids (ILs) are combined with 

the attractive physical properties of polymeric sorbents by synthesizing a range of polymeric ionic liquid 

(PIL) compositions. Careful measurements of PIL molecular weight, glass transition temperature (Tg) and 

crystallinity were followed by systematic studies of the effect of imidazolium cation substituents and 

counter-anions on PC and α for the n-butanol-water system. P[(VC12-linIm)(Br)] was identified as the most 

promising PIL n-butanol absorbent by virtue of a PCBuOH = 7.4 ± 0.3, and αb/w = 97 ± 7. An expanded study 

of the ternary PIL/water/n-butanol phase diagram was integrated with material balance equations for a 

solute recovery process to gain insight into the impact of polymer phase fraction, PC, α, feed concentration, 

and Tg on the recovery of n-butanol from dilute fermentation media. 

The final phase of the project exploited experience gained on the preparation and phase behavior 

of P[(VC12-linIm)(Br)] to prepare a hydroxide-functionalized PIL. The utility of this base-functionalized 

material to chemisorb succinic acid from dilute aqueous solution was demonstrated along with its resilience 

toward repeated regeneration and reuse. 
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Chapter 1 

Introduction and Literature Review 

1.1 In-situ Product Recovery (ISPR) 

 The productivity of many bioprocesses is compromised by the sensitivity of the 

microorganism to the product, which establishes an upper limit for its concentration in the 

fermentation medium.  In these cases, in situ product removal (ISPR) techniques are desirable, 

wherein the inhibitory compound is isolated from the aqueous medium as it is produced. Current 

separation techniques include gas stripping, pervaporation, perstraction, and two-phase partitioning 

bioreactors (TPPBs).[1,2] Gas stripping systems utilizing nitrogen, hydrogen, or carbon dioxide to 

remove n-butanol from solution have been described, with condensation of the resulting solute 

vapour providing the desired product.[3,4] Pervaporation methods use a solute-selective membrane 

to facilitate transport from the aqueous phase into a vacuum, which also requires condensation of 

the target solute vapour.[5] Perstraction is a related membrane-based process wherein a solvent 

assists solute transport from the aqueous phase without coming into contact, thereby allowing a 

cytotoxic extractant to be used.[2] 

 TPPB systems exploit liquid-liquid equilibrium behavior to extract a target solute directly 

from the fermentation medium into a water-immiscible phase, thereby lowering the inhibitory 

compound’s concentration below cytotoxic levels.[1,6,7] Irrespective of whether the extractive phase 

is  a low viscosity liquid or a viscoelastic polymeric solid, its solute capacity is dictated by 

thermodynamic affinity, as quantified by the partition coefficient (𝑃𝐶𝑖 =  𝑤𝑖
𝑒𝑥𝑡𝑟𝑎𝑐𝑡/ 𝑤𝑖

𝑎𝑞
 ). The 

greater the partition coefficient, the less extractant is needed to maintain a specific solute 

concentration. The selectivity of an extractant (𝑎𝑖/𝑤 = 𝑃𝐶𝑠𝑜𝑙𝑢𝑡𝑒/𝑃𝐶𝑤𝑎𝑡𝑒𝑟) quantifies its relative 

affinity between solute and water, which can have a significant impact on the complexity and 

energy requirements of downstream product isolation.[1,8]  
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1.2 Liquid-Liquid Systems 

 Effective TPPB sorbents are biocompatible, non-bioavailable, and provide high partition 

coefficients and selectivity.  If the target solute is hydrophobic, absorbent selection is relatively 

simple, given the wide range of available solvents and polymers that are insoluble in water and 

compatible with non-polar compounds.[1] For example, Li et al. used biodiesel as a liquid extractant 

for sequestering acetone, butanol, and ethanol to yield an ABE-enriched biodiesel with enhanced, 

fuel properties.[9] Isolating more hydrophilic products requires greater attention to the extractant’s 

affinity for the target solute over water. For example, the use of decanol isomers to extract ethanol 

from aqueous solution was impacted negatively by the co-solubility of ethanol/water in the solvent, 

reducing solute uptake and selectivity.[10] 

 The potential of ionic liquids (ILs) in TPPB systems is attractive, given the ability to tailor 

the absorbents’ structure to suit a particular target molecule. Nguyen et al. showed that 1-

octylisoquinolinium bis(trifluoromethyl-sulfonyl)imide, [OctIq][NTf2] could selectively take up 

toluene in a TPPB system.[11] The isolation of hydrophilic compounds such as 1,3-propanediol and 

2,3-butanediol from aqueous solution has also been accomplished by testing a range of hydrophobic 

ILs.[12] However, as with much other reported literature on ILs, the cytotoxicity of these materials 

has limited their applicability for ISPR.[1,8,13] 

1.2.1 Solid-Liquid Systems 

 Solid-phase extractants are attractive as they are generally biocompatible, chemically 

stable, non-volatile, easy to handle, and non-fouling.[1] Polymeric adsorbents and absorbents are 

two classes of solid extraction phases, differing by the their respective sorption mechanism and 

thus ISPR capabilities, both of which have been explored for TPPB applications. 

 Adsorbent resins are cross-linked, macroporous beaded polymers engineered to have a high 

glass transition temperatures, defined pore structure, and high surface area, the latter of which 

allows for the removal of significant amounts of target molecules from aqueous media.[14] However, 
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the fixed surface area of these adsorbents means that there are a finite number of surface sorption 

sites; and in a TPPB system, competitive adsorption is observed, resulting in limited uptake of the 

target solute. Furthermore, biofilm formation and fouling by cells have been observed, again as a 

result of a high surface area. These commercial materials are not necessarily designed for the 

specific adsorption of a target solute, rather relying on broader surface functionality to yield 

selective uptake. Therefore, there exists no predictive framework for selecting an adsorbent resin 

for a specific solute, reducing process development to a trial and error approach.  

 Polymeric absorbents, in contrast to adsorbents, allow diffusion of target solutes into the 

polymer structure. As identified by Parent et al., only the amorphous phase of a polymer-based 

extraction is absorptive, with crystalline domains failing to engage the target molecule.[15,16] It is 

also necessary to consider the glass transition temperature of the material, such that at normal TPPB 

operating temperatures (typically 30-40 °C), the polymer is above Tg. As with all of TPPB 

extractants, the material must provide a high thermodynamic affinity for the target solute over that 

of water.[16]  

 A heuristic approach was often used to select a polymeric absorbent until studies by Milton 

et al. and later by Bacon et al. demonstrated that predictive UNIFAC-vdW-FV and Flory-Huggins-

based models provided accurate activity coefficient estimates for target molecules dissolved in a 

polymer matrix.[7,17] Further experimental work revealed that solute absorption is a predictable 

function of a polymer’s number-average molecular weight (Mn), such that higher thermodynamic 

affinity for a solute favors a low Mn material, and is independent of molecular weight dispersity. 

[18] However, a balance in Mn must be struck to maximize thermodynamic affinity for a target solute 

while maintaining the material strength that is needed to process the absorbent in a TPPB 

environment.  
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1.3 ISPR of n-butanol 

 The biosynthesis of n-butanol is achieved with acetone-butanol-ethanol (ABE) 

fermentations, with n-butanol being the main product made in conjunction with lower titers of 

acetone and ethanol. Although ABE fermentations were developed over a century ago, inhibition 

at low product concentrations remains a limiting factor in the development of commercially-viable 

processes.[14,19,20] Economic motivation for biobutanol production stems from the potential markets 

in industrial solvents, chemical intermediates, and alternative biofuels. [21–23] Recently, n-butanol 

has overtaken ethanol as the focus for academic and industrial researchers; it is considered a next-

generation biofuel due to its higher energy content, lower volatility, lower water solubility, and 

better efficiency in internal combustion engines, as denoted by its octane rating. Importantly, when 

compared to other alcohols and biofuels, n-butanol can be used as a total replacement for 

gasoline/petrol without modification to standard car engines.[20,24]  

Table 1.1. Characteristics of ethanol and n-butanol.[20,25] 

 Ethanol n-Butanol 

Formula C2H5OH C4H9OH 

Boiling point (°C) 78 118 

Energy density (MJ kg-1) 26.9 33.1 

Air fuel ratio 9.0 11.2 

Research octane number 129 96 

Motor octane number 102 78 

Heat of vaporization (MJ kg-1) 0.92 0.43 

  

As previously noted, butanol production by ABE fermentation suffers from end-product 

inhibition, since ethanol and n-butanol concentrations become toxic to wild clostridia strains at 

concentrations of 5-6 wt.% and 1.5-2 wt.%, respectively.[19,26] While advances in genetic 

modification have produced microorganisms with improved tolerance toward higher n-butanol 

titers,[27–30] process design improvements including substrate alteration, enhanced bioreactor 

design, and ISPR remain attractive.[31] TPPB technology is particularly promising, with the 

extractive fermentation of n-butanol being attempted with a variety of biphasic systems employing 

organic solvents, ionic liquids, adsorbent resins, and absorbent polymers.[1]  
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 The evaluation of organic solvents as sequestering phases for a TPPB was conducted by 

Daugulis et al., first to determine their biocompatibility and later their partition coefficient for 

butanol.[32] A variety of alcohols, esters, and polyols were identified as biocompatible, water-

immiscible solvents, with poly(propylene glycol) (Mn = 1200 g mol-1) having the highest partition 

coefficient (PCBuOH = 4.8). Extractive fermentations using concentrated feeds produced total 

volumes of acetone and n-butanol that were three-fold greater than a control fermentation.  

However, PPG 1200 displayed low selectivity towards butanol over water.  

Numerous other solvents have been tested for applicability in ABE fermentations, with 

successful extractants including corn oil, kerosene, soybean-derived biodiesel, methylated palm oil, 

and oleyl alcohol.[33,34] Currently, oleyl alcohol is considered to be the standard for ABE 

fermentations, as its complete immiscibility with water allows for highly selective uptake of n-

butanol. However, this absorbent provides only a moderate n-butanol partition coefficient and 

further downstream processing of the organic liquid is required, making this process economically 

challenging.[19,35]  

 Ionic liquids (ILs) have also been studied as potential TPPB solvents. As described in 

Section 1.2.1, changing the combination of cation and anion allows the physical and chemical 

properties of an IL to be tailored to a given application. Reported values for the butanol distribution 

coefficient (DBuOH) and selectivity by various ILs acting upon a feed solution containing 1 wt.% n-

butanol were similar to the industrial standard oleyl alcohol.[36–38] Despite the considerable potential 

as ILs for alcohol uptake, cytotoxicity remains a significant problem, despite a generally low 

solubility in aqueous media.[13,39] Mechanistic studies of the toxicology have shown that 

conventional ILs cause cell membrane disintegration, and compromise intracellular physiological 

processes such as DNA, RNA, and protein synthesis.[39] 

 The introduction of an adsorbent polymeric phase to fermentations can relieve most 

biocompatibility issues if the material is completely immiscible with the aqueous medium. Nielsen 
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et al. screened commercially-available polymeric adsorbent with a wide array of physical and 

chemical adsorption properties.[14] Adsorbent resin hydrophobicity, as dictated by the chemical 

structure of its constituent monomer units, predominately influenced n-butanol partitioning, 

whereas the ionic functionalization appeared to have no effect. Poly(styrene-co-divinylbenzene) 

possessed the greatest n-butanol affinity, but its adsorption potential was limited by its specific 

surface area. This is a defining characteristic of all adsorptive materials that is not shared with 

absorptive polymer systems, whose solute uptake is based not on surface properties, but on the 

thermodynamic affinity of the polymer for a target molecule.[1]  

 Viscoelastic polymers have emerged as promising TPPB materials that can provide 

favorable absorption characteristics, facile separation, and biocompatibility. A study by Bacon et 

al. using imidazolium ionomer derivatives of an isobutylene-rich elastomer, demonstrated superior 

absorption characteristics for n-butanol and other target solutes when compared to its non-ionic 

parent material.[8] Based on this success, the ionomer study was extended to polymeric ionic liquids 

(PILs), the details of which are provided following a brief description of carboxylic acid systems.  

1.4 ISPR of Succinic Acid  

 Succinic acid is an important intermediate for the production of commodity chemicals, and 

although currently manufactured from petrochemicals, its biosynthesis remains an active area of 

research and development.[40] Product inhibition limits fermentation titers to about 50 g L-1, and 

while genetically modified strains can withstand higher succinic acid concentrations,[41] ISPR 

technologies have the potential to improve process economics considerably. 

 Current methods of carboxylic acid recovery include precipitation, electrodialysis, liquid-

liquid extraction, and sorption.[42] The precipitation of succinic acid with calcium hydroxide or 

calcium oxide yields calcium succinate that can be filtered and treated with concentrated sulfuric 

acid to produce gypsum (CaSO4) and dissolved succinic acid. This process requires further 

downstream processing to concentrate and crystallize the product.[43,44]  
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 TPPB systems based on the reactive extraction of succinic acid with tertiary amines have 

been demonstrated.[45] A persistent challenge in these processes is solution pH, which must be lower 

than the pKa of succinic acid to maintain the diacid form that is reactive toward the amine base. 

Davison et al. tested more than 25 sorbents for succinic acid uptake from 5 g L-1 succinic acid 

solutions, including several weakly basic anion-exchange sorbents.[46]  Although high yields were 

observed at moderate succinic acid loadings, poor exchange capacities in the order of 0.06-0.11 g 

g-1 limited this approach for industrial practice.[40] A study by Li et al. using NERCB 09, a weakly 

basic anion-exchange polymer coupled to an expanded-bed adsorption system, significantly 

increased final titers and productivity rates to an average yield of 0.52 g g-1 over the course of 7 

adsorption cycles in 5 days. Importantly, this study demonstrated that an ISPR-coupled 

fermentation process using an expanded bed adsorption system may be economically viable.[47] 

1.5 Polymeric Ionic Liquids (PILs) 

 Polymeric ionic liquids (PILs) are comprised of a polymeric backbone and ionic liquid 

functionality in each constituent monomer unit.[48] The introduction of polymerizable 

functionalities onto associated ILs (cations such as imidazolium, pyridinium, pyrrolidinium, and 

anions such as bromide, tetrafluoroborate, and triflate) gives rise to a broad family of functional 

polymers, each with characteristic physio-chemical properties. This supports a wide range of 

potential applications in fields such as energy, environment, optoelectronics, catalysis, materials, 

and separation science.  

1.5.1 Synthesis of PILs 

 PILs are generally synthesized by the radical polymerization, as first accomplished by 

Salamone et al. for vinylimidazolium-based ILs in the 1970s.[49–51] By the end of the millennium, 

Ohno et al. had pioneered the facile polymerization of sets of IL monomers via pre- and post-

polymerization anion-exchange reactions to prepare PILs with halide and non-halide anions.[52–54]  

These approaches are illustrated in Figure 1.1 for  vinylimidazolium-based PILs.  
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One synthetic strategy involves halide displacement from an IL monomer in water, driven 

by phase separation of the resulting hydrophobic product, followed by polymerization.[52,55]  

Although this method allows for the preparation of well-defined homopolymers and copolymers, 

it requires a potentially more challenging monomer preparation. Alternatively, polymerization of 

the IL monomer can be followed by anion exchange to generate PIL derivatives from a common 

parent material. This method requires only one monomer preparation, but its use is restricted to 

cases where anion exchange reactions can be accomplished to a high extent if random copolymers 

are to be avoided.  

 Polymerization of cationic IL monomers has been accomplished using, vinyl, vinyl ether, 

acryloyl, methacryloyl, styrenic, norbornene, N-vinylimidazolium, pyridinium, and other 

polymerizable units, some of which are illustrated in Figure 1.2.[55–62] Figure 1.3 provides examples 

of anionic PIL compositions, which are far fewer than polycation systems.[55,63][55] There are some 

examples of zwitterionic PILs found in the scientific literature, whereby both the cation and anion 

are covalently linked to a polymer backbone, however, the occurrence of these is rare. [64,65] 

 

Figure 1.1. General synthetic routes to polymeric ionic liquids. 
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Conventional free radical polymerization is the most common polymerization technique 

for obtaining PIL polymers, due to its high-volume practicality and tolerance to impurities and 

functional groups.[55,66,67] Controlled / living radical polymerization techniques have been used to 

prepare PILs with precise macromolecular architectures. In particular, atom-transfer radical 

polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) 

polymerizations have been successful in the synthesis of homopolymers and block copolymers of 

PILs.[68,69] One apparent disadvantage in the ATRP of ILs is complexation of PIL functionality with 

copper ions, potentially favoring metal-free RAFT technology.[68] As with non-ionic polymers, a 

PIL can be designed using a variety of architectures, such as linear, star-shaped, and 

hyperbranched.[70,71]. Furthermore, the copolymerization of ILs with other IL monomers and/or 

classic monomers to form random and block PIL copolymers can be executed reliably.[72–74]  

Figure 1.2. Chemical structure of selected cationic polymeric ionic liquids. [55] 
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1.5.2 Physicochemical Properties of PILs 

 PIL properties, including phase transition temperatures and solute affinities, are sensitive 

to the structure of the counter-anion. A study by Marcilla et al. demonstrated these sensitivities 

precisely.  While poly(1-vinyl-3-ethylimidazolium bromide) was soluble in water, anion exchange 

to the corresponding tetrafluoroborate and hexafluorophosphate salts produced water-insoluble 

PILs that dissolved well in polar aprotic solvents.[56] Increasing anion hydrophobicity using 

dodecylbenzenesulphonate, or bis(trifluoromethanesulfonamide) shifted PIL solubility to less polar 

solvents such as tetrahydrofuran and toluene. Similar behavior has been observed for imidazolium, 

pyridinium, and guanidium backbones, indicating that PIL solution thermodynamics are dictated 

largely by counter-anion properties.[75,76] 

 The free-radical polymerization process responsible for the synthesis of most PILs is 

atactic, leading to non-crystallizable polymer backbones. However, semi-crystalline PILs are 

known, often as a result of crystallization of the substituents and/or anions. For example, a 

1H,1H,2H,2H-perfluorododecyl substituted vinylimidazolium PIL is reported to have a Tm of 153 

°C, solely attributed to side-chain crystallinity.[77] A comparison of IL and PIL crystallinity with 

respect to n-alkyl substituent length (ranging from C14 to C22) and anion structure was recently 

reported by Biswas et al.[78] Crystallinity was determined to be as a result of the n-alkyl substituents, 

Figure 1.3. Chemical structures of selected anionic polymeric ionic liquids.[55] 



 

11 

 

due to the atactic PIL backbone. DSC thermograms revealed an increase in substituent Tm with 

increasing n-alkyl substituent length. However, both Tm and the enthalpy of fusion declined on 

polymerizing an IL to a PIL. Furthermore, Br- exchange with a much bulkier NTF2
- anion caused a 

sharp decrease in crystallinity as a result of the less dense packing of n-alkyl substituents in the 

bilayer of lamellae.[79]  

 The glass transition temperature (Tg) of PILs is known to be inversely related to the ionic 

conductivity of the material. Cationic PILs possessing large, weakly-bound counter anions provide 

weaker electrostatic ion-pair interactions, and thus a lower Tg when compared to materials with 

smaller and stronger electrostatic ion-pair interactions.[80–82] A  study by Vygodskii et al. found that 

the Tg of poly(1-vinyl-3-ethylimidazolium X-) was 19 °C when the X- counter-anion was (CN)2N-

, 60 °C for (CF3SO2)2N-, 173 °C for CF3SO3
-, and 235 °C for Br-.[82] Similar results were observed 

when varying the counter-anion of  a poly(trimethylammonium-2-ethyl X- methacrylate) PIL, 

providing further evidence that Tg is much more a function of counter-anion rather that cationic 

substituent composition.[83] 

1.6 ISPR using PILs 

 Although there is a wide-variety of applications for which PILs may be suitable, the use of 

PILs as extractive phases for ISPR has only been reported by Bacon et al. [84] The absorption of n-

butanol from dilute aqueous solution was accomplished using imidazolium-based PILs bearing 

long-chain aliphatic substituents. By virtue of their insolubility in water, they were proven to be 

biocompatible, and they delivered significant absorptive performance, with n-butanol partition 

coefficients as high as 7.6, and selectivity values as great as 78. Compared to oleyl alcohol, the 

PCBuOH of P[(VC12-linIm)(Br)] was nearly double, albeit with only one half the BuOH/water 

selectivity.[84] 
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1.7  Scope of Thesis 

 The discovery of the efficacy of PILs in TPPB applications by Bacon et al. has motivated 

an extended study of the potential of these compositions.[84]  Chapter 3 of this work examines the 

performance of a wide range of imidazolium-based PILs for n-butanol extraction from dilute 

aqueous solution.  The influence of polymer phase fraction, partition coefficient, and selectivity on 

a proposed n-butanol recovery process (absorption, desorption, and purification) is explored in 

Chapter 4. An extension of PIL chemistry to hydroxide-functionalized polyelectrolytes is presented 

in Chapter 5 as a means of isolating organic acids.  The capacity of these materials for succinic acid 

recovery is described along with the potential to combine ISPR objectives with the control of pH 

during a fermentation process.  
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Chapter 2 

Experimental  

2.1 Materials 

1-Vinylimidazole (99%), 1-bromooctane (99%), 1-bromododecane (97%), 1-

bromohexadecane (97%), 2-ethyl-1-hexanol (99.6%), 2-butyl-1-octanol (95%), 2-hexyl-1-

decanol (97%), triphenylphosphine (99%), N-bromosuccinimide (99%), benzyl bromide (98%), 

oleyl alcohol (85%), methanesulfonyl chloride (99.7%), triethylamine (99%), lithium bromide 

(99%), sodium hydroxide (98%), acetic acid (99%), octanoic acid (99%), lauric acid (98%), 

stearic acid (95%), oleic acid (99%), potassium thiocyanate (99%), sodium tetrafluoroborate 

(98%), potassium hexafluorophosphate (99%), potassium hydroxide (90%), n-butanol (99.4%), 

chloroform-d (99.8 atom % D), methanol-d4 (99.8 atom % D), and 2,2’-azobis(2-

methylpropioniitrile) (AIBN) (98%) were purchased from Sigma-Aldrich (Canada). Sodium 

perchlorate (98%) was obtained from Acros Organics. PEBAX 2533 was purchased from Arkema. 

All solvents and succinic acid (99%) were purchased from Fisher Scientific (Canada). Type I 

ultrapure water (18.2 MΩ.cm at 25°C) was used. With the exception of AIBN (recrystallized in 

methanol), all chemicals were used as received.  

 1H NMR spectra were recorded on an Avance III 400MHz or NEO 500MHz NMR 

spectrometer (Bruker) to confirm the identity of all materials synthesized. Chloroform-d ((1H) = 

7.26 ppm) or methanol d-4 ((1H) = 3.33 ppm) were used as both solvent and lock. 
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2.2 Synthesis of Ionic Liquid Monomers 

2.2.1 Synthesis of [VC12-linIm][Br] and [VC16-linIm][Br]  

  

Scheme 2.1: Alkylation of 1-vinylimidazole to [VC12-linIm][Br] and [VC16-linIm][Br]. 

Ionic liquid monomers were prepared as previously described with minor modifications.[1–

3]. To a 100 mL round bottom flask equipped with magnetic stir bar, 1-vinylimidazole (5.00g, 53.1 

mmol) and alkyl bromide (1-bromododecane, 13.90g, 55.8 mmol; 1-bromohexadecane, 17.03g, 

55.8 mmol) was added. Ethyl acetate (12.5 mL) was added and the solution stirred and refluxed 

under nitrogen. After 16h, the product was cooled to -4 °C induce crystallization of the product. 

The powder was ground and triturated in 100mL of diethyl ether before being collected by vacuum 

filtration and dried in vacuo overnight. The purified products were isolated as a white powder and 

characterized by melting point and 1H-NMR. [VC12-linIm][Br]: 1H-NMR (CDCl3): δ 10.85 (s, 1H), 

δ 7.95 (m, 1H), δ 7.60 (m, 1H), δ 7.49 (dd, 1H), δ 6.01 (dd, 1H), δ 5.37 (dd, 1H), δ 4.39 (t, 2H), δ 

1.93 (m, 2H), δ 1.22 (m, 18H), δ 0.87 (t, 3H) (yield: 94%, m.p. 58°C). [VC16-linIm][Br]: 1H-NMR 

(CDCl3): δ 11.24 (s, 1H), δ 7.50 (m, 1H), δ 7.49 (dd, 1H), δ 7.23 (m, 1H), δ 5.85 (dd, 1H), δ 5.36 

(dd, 1H), δ 4.34 (t, 2H), δ 1.89 (m, 2H), δ 1.25 (m, 26H), δ 0.89 (t, 3H) (yield: 93%, m.p. 68 °C). 

2.2.2 Synthesis of 1-bromo-2-ethylhexane, 1-bromo-2-butyloctane, 1-bromo-2-hexyldecane 

  

Scheme 2.2 Appel reaction of branched aliphatic alcohols to form branched alkyl bromides. 

Branched alkyl halides were prepared as previously described with minor modifications.[4] 

In a 250mL round bottom flask equipped with magnetic stir bar, the respective alcohol (2-ethyl-1-

hexanol, 7.82g, 60.0mmol; 2-butyl-1-octanol, 11.18g, 60.0mmol, 2-hexyl-1-decanol, 14.55g, 
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60.0mmol) and triphenylphosphine (23.61g, 90.0mmol) was dissolved in DCM (30 mL) and cooled 

to 0 °C. Separately, N-Bromosuccinimide (13.88g, 78.0mmol) was added to DCM (60 mL) and the 

resulting slurry slowly added to round bottom flask, followed by stirring for 5h at room 

temperature. The solvent was removed by rotary evaporation, the residue dispersed in hexanes, 

filtered, and purified by flash column chromatography (silica). The eluted organic phase was 

removed and the final product isolated as a clear oil and characterized by 1H-NMR. 1-bromo-2-

ethylhexane: 1H-NMR (CDCl3): δ 3.45 (d, 2H), δ 1.59 (m, 1H), δ 1.29 (m, 8H), δ 0.89 (t, 3H), δ 

0.88 (t, 3H) (yield: 79%). 1-bromo-2-butyloctane: 1H-NMR (CDCl3): δ 3.48 (d, 2H), δ 1.60 (m, 

1H), δ 1.31 (m, 16H), δ 0.88 (t, 6H) (yield: 83%).  1-bromo-2-hexyldecane: 1H-NMR (CDCl3): δ 

3.44 (d, 2H), δ 1.61 (m, 1H), δ 1.28 (m, 24H), δ 0.88 (t, 6H) (yield: 90%).  

2.2.3 Synthesis of [VC8-linIm][Br], [VC8-braIm][Br], [VC12-braIm][Br], [VC16-braIm][Br]             

 

Ionic liquid monomers were prepared similar to the previously described procedures with 

minor modifications.[1,3,5] 1-vinylimidazole (4.00 g, 42.5 mmol) and alkyl bromide (1-bromooctane, 

8.62 g, 44.6 mmol; 1-bromo-2-ethylhexane, 9.03 g, 46.7 mmol; 1-bromo-2-butyloctane, 11.65 g, 

46.7 mmol; 1-bromo-2-hexyldecane, 14.68 g, 46.7 mmol) were dissolved in toluene (20 mL) in a 

100 mL round bottom flask equipped with magnetic stir bar. The solution was stirred and refluxed 

overnight under nitrogen for 16 hours. Afterwards, the reaction mixture was cooled to room 

temperature and added to a separation funnel containing diethyl ether (300 mL). The ionic liquid 

phase was separated, washed with ether again, separated once more, and dried in vacuo overnight 

Scheme 2.3 Alkylation reaction of 1-vinylimidazole with bromo-alkanes towards the synthesis of imidazolium bromide 

monomers. 
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giving a viscous brown ionic liquid. [VC8-linIm][Br] 1H-NMR (CDCl3): δ 10.53 (s, 1H), δ 8.04 (m, 

1H), δ 7.68 (m, 1H), δ 7.42 (dd, 1H), δ 6.00 (dd, 1H), δ 5.32 (dd, 1H), δ 4.35 (t, 2H), δ 1.90 (m, 

2H), δ 1.22 (m, 10H), δ 0.81 (t, 3H) (yield: 87%). [VC8-braIm][Br] 1H-NMR (CDCl3): δ 10.54 (s, 

1H), δ 7.85 (m, 1H), δ 7.53 (m, 1H), δ 7.37 (dd, 1H), δ 5.96 (dd, 1H), δ 5.34 (dd, 1H), δ 4.22 (d, 

2H), δ 1.92 (m, 1H), δ 1.20 (m, 8H), δ 0.82 (t, 6H) (yield: 83%). [VC12-braIm][Br] 1H-NMR 

(CDCl3): δ 10.50 (s, 1H), δ 7.78 (m, 1H), δ 7.47 (m, 1H), δ 7.33 (dd, 1H), δ 5.95 (dd, 1H), δ 5.31 

(dd, 1H), δ 4.19 (d, 2H), δ 1.89 (m, 1H), δ 1.17 (m, 16H), δ 0.80 (t, 6H) (yield: 78%). [VC16-

braIm][Br] 1H-NMR (CDCl3): δ 10.53 (s, 1H), δ 7.79 (m, 1H), δ 7.52 (m, 1H), δ 7.31 (dd, 1H), δ 

5.99 (dd, 1H), δ 5.32 (dd, 1H), δ 4.21 (d, 2H), δ 1.90 (m, 1H), δ 1.18 (m, 24H), δ 0.84 (t, 6H) (yield: 

71%). 

2.2.4 Synthesis of [VBnzIm][Br] 

 

Scheme 2.4 Alkylation reaction of 1-vinylimdiazole with benzyl bromide to synthesize [VBnzIm][Br]. 

The monomer was prepared as previously described with minor modifications.[6–8] To a 

100 mL round bottom flask equipped with magnetic stir bar, 1-vinylimidazole (5.00 g, 53.1 mmol), 

benzyl bromide (11.00 g, 55.8 mmol) and THF (15 mL) were added and the resulting solution was 

refluxed under nitrogen for 24 hours, continuously stirring. Once cooled, a viscous ionic liquid 

settled to the bottom of the flask and the organic phase was decanted. The ionic liquid was washed 

with acetonitrile (50 mL), collected, and dried in vacuo overnight producing a viscous light-yellow 

ionic liquid that was later characterized by 1H-NMR. [VBnzIm][Br] 1H-NMR (MeOD) δ 9.94 (s, 

1H), δ 8.04 (m, 1H), δ 7.75 (m, 1H), δ 7.50-7.46 (m, 4H), δ 7.28 (dd, 1H), δ 5.94 (dd, 1H), δ 5.51 

(s, 1H), δ 5.48 (dd, 1H) (yield: 77%).  
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2.2.5 Synthesis of [V(C8H4F13)Im][Br] 

  

Scheme 2.5 Synthesis of [V(C8H4F13)Im][Br] by alkylation of 1-vinylimidazole. 

Monomer was prepared by adapting previously described procedures. [9,10] 1H,1H,2H,2H-

1-bromo-perfluorooctane (9.98g, 23.3mmol) was added to a 100 mL round bottom flask containing 

1-vinylimidazole (2.01g, 21.3mmol), acetonitrile (15 mL), and a magnetic stir bar. The solution 

was refluxed under nitrogen, stirring continuously. After 36h, the solvent was removed by rotary 

evaporation producing a crude crystalline product which was triturated in diethyl ether (100 mL) 

for 1h, collected by vacuum filtration, and dried in vacuo overnight yielding a white powder. 

[V(C8H4F13)Im][Br]: 1H-NMR (CDCl3): δ 10.52 (s, 1H), δ 7.49 (m, 1H), δ 7.43 (m,1H), δ 7.31 

(dd, 1H), δ 5.97 (dd, 1H), δ 5.35 (dd, 1H), δ 4.32 (2, 2H), δ 2.33 (m, 2H) (yield: 70%).  

2.2.6 Synthesis of Oleyl Mesylate 

 

Scheme 2.6 Mesylation of oleyl alcohol to oleyl mesylate. 

The corresponding mesylate was prepared as previously described elsewhere.[11] A solution 

of methanesulfonyl chloride (4.53 g, 39.6 mmol) in DCM (30 mL) was added dropwise to a stirred 

solution of oleyl alcohol (9.67 g, 36.1 mmol) and triethylamine (5.3 g, 52 mmol) in DCM (180 mL) 

kept below 4 °C during the addition. The mixture was allowed to warm to room temperature and 

stirred for 30 minutes before water (10 mL) was added. The reaction mixture was then washed 

successively with 0.3M HCl (50 mL) and brine (50 mL), and dried over sodium sulfate. The organic 

phase was isolated and later removed by rotary evaporation to yield a viscous light-yellow oil. 
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Oleyl-mesylate: 1H-NMR (CDCl3): δ 5.22(dt, 2H), δ 4.39 (t, 2H), δ 3.00 (s, 3H), δ 1.93 (m, 6H), δ 

1.48-1.10 (m, 22H), δ 0.86 (t, 3H) (yield: 95%). 

2.2.7 Synthesis of [VOlyIm][OMs] 

 

Scheme 2.7 Alkylation of 1-vinylimidazole with oleyl mesylate to synthesize [VOlyIm][OMs]. 

The compound was prepared according to a slightly modified literature procedure.[12] 1-

vinylimidazole (2.31 g, 24.5 mmol) was added to a 100 mL round bottom flask containing a 

solution of oleyl mesylate (8.93 g, 25.8 mmol) in toluene (15 mL) and a magnetic stir bar. After 

refluxing for 16h, the solution was cooled and added dropwise into a mixture of acetone and 

acetonitrile (1:1, 300 mL). The organic phase was decanted, and the remaining viscous oil was 

cooled to -4 °C to induce crystallization of the product, which was collected and characterized. 

[VOlyIm][Oms]: 1H-NMR (CDCl3): δ 11.24 (s, 1H), δ 7.74 (m, 1H), δ 7.53 (m, 1H), δ 6.90 (dd, 

1H), δ 5.94 (dd, 1H), δ 5.44 (dd, 1H), ), δ 5.36 (dt, 2H),  δ 4.41 (d, 2H), δ 3.02 (s, 3H), δ 1.93 (m, 

6H), δ 1.42-1.14 (m, 22H), δ 0.89 (t, 3H) (yield: 81%). 

2.2.8 Synthesis of [VOlyIm][Br] 

 

Scheme 2.8 Anion Metathesis of [VOlyIm][OMs] to [VOlyIm][Br]. 
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This compound was prepared similarly to the procedure described with minor 

modifications.[12] Lithium bromide (3.08 g, 35.4 mmol) was added to a stirred solution of 

[VOlyIm][Oms] (6.01 g, 14.8 mmol) in water (40mL) and left to stir at 40 °C for 6h. Chloroform 

(3 x 50 mL) was used to extract the ionic liquid from the above mixture. The organic phase was 

dried with sodium sulfate, filtered, and removed by rotary evaporation to give the desired product 

as a dark orange viscous ionic liquid. [VOlyIm][Br]: 1H-NMR (CDCl3): δ 10.82 (s, 1H), δ 7.80 

(m, 1H), δ 7.56 (m, 1H), δ 7.11 (dd, 1H), δ 5.98 (dd, 1H), δ 5.49 (dd, 1H), ), δ 5.39 (dt, 2H),  δ 4.46 

(d, 2H), δ 1.90 (m, 6H), δ 1.41-1.08 (m, 22H), δ 0.86 (t, 3H) (yield: 63%). 

2.2.9 Synthesis of [VC12-linIm][BF4], [VC12-linIm][PF6], [VC12-linIm][SCN], [VC12-linIm][ClO4] 

  

Scheme 2.9 Anion Metathesis of [VC12-linIm][Br] with various inorganic salts. 

Anion metathesis of ionic liquid monomers was done according to previously described 

procedures with minor modifications.[1,3,13] In a 250 mL Erlenmeyer flask ,[VC12-linIm][Br] (6.00 g, 

17.5 mmol) was dissolved in Type I ultrapure water (80 mL) at room temperature. Under stirring, 

salts were added (sodium tetrafluoroborate, 2.15 g, 19.6 mmol; potassium hexafluorophosphate, 

3.54 g, 19.6 mmol; potassium thiocyanate, 1.91 g, 19.6 mmol; sodium perchlorate, 2.40 g, 19.6 

mmol) and shortly thereafter a white precipitate was formed. The mixture was stirred for 4 hours 

at room temperature to achieve complete anion exchange before the product was extracted using 

DCM (2 x 75 mL). The organic phase was washed with brine, separated, dried under sodium sulfate, 

and removed by rotary evaporation to give solid electrolyte monomers that were ground into a fine 

powder, the dried in vacuo before being characterized by 1H-NMR. [VC12-linIm][BF4]: 1H-NMR 

(CDCl3): δ 9.15 (s, 1H), δ 7.57 (m, 1H), δ 7.34 (m, 1H), δ 7.13 (dd, 1H), δ 5.77 (dd, 1H), δ 5.32 

(dd, 1H), δ 4.18 (t, 2H), δ 1.83 (m, 2H), δ 1.24 (m, 18H), δ 0.81 (t, 3H). [VC12-linIm][PF6]: 1H-
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NMR (CDCl3): δ 10.77 (s, 1H), δ 8.00 (m, 1H), δ 7.62 (m, 1H), δ 7.42 (dd, 1H), δ 5.98 (dd, 1H), δ 

5.32 (dd, 1H), δ 4.33 (t, 2H), δ 1.87 (m, 2H), δ 1.31-1.17 (m, 18H), δ 0.79 (t, 3H). [VC12-

linIm][SCN]: 1H-NMR (CDCl3): δ 10.65 (s, 1H), δ 7.92 (m, 1H), δ 7.55 (m, 1H), δ 7.43 (dd, 1H), 

δ 6.00 (dd, 1H), δ 5.47 (dd, 1H), δ 4.27 (t, 2H), δ 1.92 (m, 2H), δ 1.26 (m, 18H), δ 0.81 (t, 3H).  

[VC12-linIm][ClO4]: 1H-NMR (CDCl3): δ 11.08 (s, 1H), δ 8.10 (m, 1H), δ 7.73 (m, 1H), δ 7.50 (dd, 

1H), δ 5.97 (dd, 1H), δ 5.44 (dd, 1H), δ 4.26 (t, 2H), δ 1.88 (m, 2H), δ 1.35-1.13 (m, 18H), δ 0.84 

(t, 3H). 

2.2.10 Synthesis of [VC12-linIm][OAc], [VC12-linIm][C8H15O2], [VC12-linIm][C12H23O2], [VC12-

linIm][C18H35O2], [VC12-linIm][C18H33O2] 

 

Scheme 2.10 Anion Metathesis of [VC12-linIm][Br] with various carboxylic acids. 

Anion metathesis of ionic liquid monomers was done similarly to previously established 

procedures. In a 250 mL Erlenmeyer flask, [VC12-linIm][Br] (6.00 g, 17.5 mmol) and potassium 

hydroxide (0.78 g, 19.6 mmol) was dissolved in Type I ultrapure water (80 mL). A carboxylic acid 

(acetic acid, 1.18 g, 19.6 mmol; octanoic acid, 2.82 g, 19.6 mmol; lauric acid, 3.92 g, 19.6 mmol; 

stearic acid, 5.57 g, 19.6 mmol; oleic acid, 5.53 g, 19.6 mmol) was added under vigorous stirring, 

and anion metathesis was left to occur at room temperature for 6 hours. Precipitation was observed 

in all cases, and DCM (150 mL) was added and stirred until the aqueous phase was transparent. 

Subsequently, the organic phase was separated, washed with brine and separated once more. The 

organic fraction was concentrated by rotary evaporation to give an ionic liquid monomer, before 

being placed in the freezer for 1 hour to induce crystallization. The respective product was collected 

and dried in vacuo before being characterized. [VC12-linIm][OAc]: 1H-NMR (CDCl3): δ 9.12 (s, 
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1H), δ 7.49 (m, 1H), δ 7.28 (m, 1H), δ 7.09 (dd, 1H), δ 5.73 (dd, 1H), δ 5.28 (dd, 1H), δ 4.17 (t, 

2H), δ 2.29 (s, 3H), δ 1.83 (m, 2H), δ 1.26-1.18 (m, 18H), δ 0.81 (t, 3H). [VC12-linIm][C8H15O2]: 

1H-NMR (CDCl3): δ 11.93 (s, 1H), δ 7.58 (dd, 1H), δ 7.39 (m, 1H), δ 7.10 (m, 1H), δ 5.69 (dd, 1H), 

δ 5.28 (dd, 1H), δ 4.31 (t, 2H), δ 2.22 (m, 2H), δ 1.85 (m, 2H), δ 1.58 (m, 2H), δ 1.39-1.06 (m, 

28H), δ 0.83 (t, 3H), δ 0.79 (t, 3H). [VC12-linIm][C12H23O2]: 1H-NMR (CDCl3): δ 11.93 (s, 1H), δ 

7.60 (dd, 1H), δ 7.42 (m, 1H), δ 7.11 (m, 1H), δ 5.69 (dd, 1H), δ 5.29 (dd, 1H), δ 4.31 (t, 2H), δ 

2.16 (m, 2H), δ 1.83 (m, 2H), δ 1.57 (m, 2H), δ 1.36-1.10 (m, 34H), δ 0.81 (t, 3H), δ 0.80 (t, 3H). 

[VC12-linIm][C18H35O2]: 1H-NMR (CDCl3): δ 11.93 (s, 1H), δ 7.57 (dd, 1H), δ 7.36 (m, 1H), δ 7.10 

(m, 1H), δ 5.67 (dd, 1H), δ 5.28 (dd, 1H), δ 4.31 (t, 2H), δ 2.16 (m, 2H), δ 1.83 (m, 2H), δ 1.54 (m, 

2H), δ 1.31-1.13 (m, 46H), δ 0.81 (t, 6H). [VC12-linIm][C18H33O2]: 1H-NMR (CDCl3): δ 11.35 (s, 

1H), δ 7.53 (dd, 1H), δ 7.48 (m, 1H), δ 7.13 (m, 1H), δ 5.71 (dd, 1H), δ 5.30 (dd, 1H), δ 5.28 (m, 

2H), δ 4.31 (t, 2H), δ 2.22 (m, 2H), δ 1.91 (m, 4H),  δ 1.83 (m, 2H), δ 1.54 (m, 2H), δ 1.36-1.10 

(m, 38H), δ 0.83 (t, 3H), δ 0.80 (t, 3H).  

2.3 Synthesis of Polymeric Ionic Liquids. 

2.3.1 Synthesis of P[(VC8-linIm)(Br)], P[(VC8-braIm)(Br)], P[(VC12-linIm)(Br)], P[(VC12-

braIm)(Br)], P[(VC16-linIm)(Br)], P[(VC16-braIm)(Br)], P[(VOlyIm)(Br)] 

 

Scheme 2.11 Solution polymerization of linear and branched alkyl, and oleyl substituted vinylimidazolium bromide monomers initiated 

by AIBN in toluene: ethanol (3:1). 

The subsequent PILs were prepared according to a previous procedure with minor 

modifications.[1,3] Ionic liquid monomer ([VC8-braIm][Br], 4.19 g, 14.6 mmol; [VC8-braIm][Br], 4.19 

g, 14.6 mmol; [VC12-linIm][Br], 5.00 g, 14.6 mmol; [VC12-braIm][Br], 5.00 g, 14.6 mmol; [VC16-

braIm][Br], 5.83 g, 14.6 mmol; [VC16-linIm][Br], 5.83 g, 14.6 mmol; [VOlyIm][Br], 6.21 g, 14.6 

mmol) and AIBN (38.4 mg, 0.234 mmol) was added to a 100 mL round bottom flask with magnetic 
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stir bar. A toluene: ethanol solution (3:1, 20 mL) was added and the contents stirred at room 

temperature until the solution was homogeneous. The solution was sparged for 15 minutes with 

nitrogen, and subsequently the temperature was increased to 70 °C for 12 hours. Once cooled to 

room temperature, the solution was partially concentrated (to ~10 mL) by rotary evaporation and 

the polymer precipitated into excess acetone (ether for P[VOlyIm][Br]). The products were filtered, 

collected by vacuum filtration and dried in vacuo at 60 °C before being characterized. P[(VC8-

linIm)(Br)]: 1H-NMR (CDCl3): δ 10.08 (br, 1H), δ 8.51 (br, 1H), δ 7.11 (br, 1H), δ 4.94 (br, 1H), δ 

4.22 (br, 1H), δ 1.93 (br, 2H), δ 1.28 (br, 10H), δ 0.90 (br, 3H). P[(VC8-braIm)(Br)]: 1H-NMR 

(CDCl3): 1H-NMR (CDCl3): δ 10.03 (br, 1H), δ 8.46 (br, 1H), δ 7.05 (br, 1H), δ 4.80 (br, 1H), δ 

4.14 (br, 2H), δ 2.04 (br, 2H), δ 1.90 (br, 1H), δ 1.30 (br, 6H), δ 0.90 (br, 6H).  P[(VC12-linIm)(Br)]: 

1H-NMR (CDCl3): δ 9.97 (br, 1H), δ 8.39 (br, 1H), δ 7.18 (br, 1H), δ 4.89 (br, 1H), δ 4.20 (br, 1H), 

δ 2.04 (br, 2H), δ 1.27 (br, 18H), δ 0.89 (br, 3H). P[(VC12-braIm)(Br)]: 1H-NMR (CDCl3): δ 10.00 

(br, 1H), δ 8.42 (br, 1H), δ 7.11 (br, 1H), δ 4.76 (br, 1H), δ 4.19 (br, 2H), δ 2.11 (br, 2H), δ 1.94 

(br, 1H), δ 1.25 (br, 10H), δ 0.88 (br, 6H). P[(VC16-linIm)(Br)]: 1H-NMR (CDCl3): δ 9.96 (br, 1H), 

δ 8.44 (br, 1H), δ 7.16 (br, 1H), δ 4.96 (br, 1H), δ 4.21 (br, 2H), δ 2.01 (br, 4H), δ 1.28 (br, 26H), 

δ 0.89 (br, 3H). P[(VC16-braIm)(Br)]: 1H-NMR (CDCl3): δ 9.96 (br, 1H), δ 8.50 (br, 1H), δ 7.12 

(br, 1H), δ 4.80 (br, 1H), δ 4.15 (br, 2H), δ 2.02 (br, 2H), δ 1.88 (br, 1H), δ 1.26 (br, 14H), δ 0.86 

(br, 6H).   P[(VOlyIm)(Br)]: 1H-NMR (CDCl3): δ 9.98 (br, 1H), δ 7.67 (br, 1H), δ 7.55 (br, 1H), δ 

7.07 (br, 1H), δ 5.49 (br, 2H), δ 4.87 (br, 1H), ), δ 2.17 (br, 4H),  δ 2.10 (br, 2H), δ 1.20 (br, 22H), 

δ δ0.81 (br, 3H). 
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2.3.2 Synthesis of P[(VBnzIm)(Br)] 

 

Scheme 2.12 Polymerization of [VBnzIm][Br] in toluene initiated by AIBN. 

Solution polymerization was performed as described elsewhere with modifications.[1,14] 

[VBnzIm][Br] (3.87 g, 14.6 mmol), AIBN (38.4 mg, 0.234 mmol), and toluene (18 mL) was added 

to a 100 mL round bottom flask and stirred at room temperature until fully dissolved. The solvent 

was sparged for 15 minutes with nitrogen, after which the temperature was increased to 70 °C for 

12 hours. Once cooled to room temperature, the solution was partially concentrated (to ~10 mL) 

by rotary evaporation and the polymer precipitated into excess THF. The polymer was collected by 

vacuum filtration, re-dissolved in minimal chloroform (~5mL) and precipitated once more into an 

excess of stirred THF. The final product was filtered, collected and dried in vacuo at 60 °C 

overnight. .  P[(VBnzIm)(Br)]: 1H-NMR (CDCl3): δ 9.60 (br, 1H), δ 7.56 (br, 1H), δ 7.36 (br, 5H), 

δ 7.01 (br, 1H), δ 4.98 (br, 2H), δ 4.26 (br, 1H), δ 2.09 (br, 2H). 

2.3.3 Synthesis of P[(V(C8H4F13)Im)(Br)] 

55  

Scheme 2.13 Polymerization of [V(C8H4F13)Im][Br] in acetonitrile initiated by AIBN. 
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[V(C8H4F13)Im][Br] (6.31 g, 12.1 mmol) was added to a 100 mL round bottom flask 

containing AIBN (31.8 mg, 0.194 mmol) and acetonitrile (20 mL). Once a homogenous solution, 

the solvent was sparged for 15 minutes with nitrogen. The temperature was raised to 70 °C for 12 

hours, and subsequently cooled to room temperature before the solution was partially concentrated 

to (~10 mL) by rotary evaporation. The polymer was precipitated into a stirred excess of acetone: 

methanol (1:1), collected, and dried in vacuo at 60 °C overnight. P[(V(C8H4F13)Im)(Br)]: 1H-NMR 

(CDCl3): δ 9.72 (br, 1H), δ 8.53 (br, 1H), δ 7.04 (br, 1H), δ 4.90 (br, 2H), δ 4.54 (br, 1H), δ 2.33 

(br, 2H), δ 2.17 (br, 2H). 

2.3.4 Synthesis of P[(VC12-linIm)(BF4)], P[(VC12-linIm)(PF6)], P[(VC12-linIm)(SCN)], P[(VC12-

linIm)(ClO4)] 

 

Scheme 2.14 Solution polymerization of inorganic imidazolium monomers in toluene: ethanol (3:2). 

Solution polymerization was done as previously described with minor modifications.[1] 

Ionic liquid monomer ([VC12-linIm][BF4], 5.01 g, 14.3 mmol; [VC12-linIm][PF6], 5.84 g, 14.3mmol; 

[VC12-linIm][SCN], 4.60 g, 14.3 mmol; [VC12-linIm][ClO4], 5.19 g, 14.3 mmol) and AIBN (37.6 mg, 

0.229 mmol) was added to a 100 mL round bottom flask. A toluene: ethanol mixture (3:2, 20 mL) 

was added flask and stirred until the solution was homogenous. The solvent was sparged for 15 

minutes with nitrogen, after which the temperature was increased to 70 °C for 12 hours for 

polymerization. Once cooled to room temperature, the solution was concentrated (~10 mL) by 

rotary evaporation, precipitated into an excess of methanol. The resulting PILs were filtered, 

collected, ground, and dried in vacuo at 60 °C overnight before being characterized by 1H-NMR. 

P[(VC12-linIm)(BF4)]: 1H-NMR (CDCl3): δ 8.53 (br, 1H), δ 7.20 (br, 1H), δ 7.13 (br, 1H), δ 4.70 
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(br, 1H), 4.63 (br, 2H),  δ 1.88 (br, 3H), δ 1.27 (br, 18H), δ 0.91 (br, 3H). P[(VC12-linIm)(PF6)]: 1H-

NMR (CDCl3): δ 8.65 (br, 1H), δ 7.40 (br, 2H), δ 4.66 (br, 1H), 4.48 (br, 2H),  δ 2.06 (br, 2H), δ 

1.83 (br, 2H), δ 1.24 (br, 18H), δ 0.88 (br, 3H).  P[(VC12-linIm)(SCN)]: 1H-NMR (CDCl3): δ 9.20 

(br, 1H), δ 7.94 (br, 1H), δ 7.20 (br, 1H), δ 4.54 (br,1H), δ 4.36 (br, 2H), δ 2.06 (br, 4H), δ 1.37 (br, 

18H), δ 0.97 (br, 3H). . P[(VC12-linIm)(ClO4)]: 1H-NMR (CDCl3): δ 8.66 (br, 1H), δ 7.20 (br, 2H), 

δ 4.24 (br, 3H), δ 2.58 (br, 2H), δ 1.95 (br, 2H), δ 1.29 (br, 18H), δ 0.90 (br, 3H). 

2.3.5 Synthesis of P[(VC12-linIm)(OAc)], P[(VC12-linIm)(C8H15O2)], P[(VC12-linIm)(C12H23O2)], 

P[(VC12-linIm)(C18H35O2)], P[(VC12-linIm)(C18H33O2] 

 

Scheme 2.15 Polymerization of imidazolium carboxylate monomers initiated by AIBN in toluene: ethanol (2:1). 

PILs were prepared similarly to a previously stated procedure with modifications.[15] 

Imidazolium carboxylate ([VC12-linIm][OAc], 4.10 g, 12.7 mmol; [VC12-linIm][C8H15O2], 5.16 g, 

12.7 mmol; [VC12-linIm][C12H23O2], 5.88 g, 12.7 mmol; [VC12-linIm][C18H35O2], 6.95 g, 12.7 mmol; 

[VC12-linIm][C18H33O2], 6.92 g, 12.7 mmol) and AIBN (33.4 mg, 0.208 mmol) were added to a 100 

mL round bottom flask. A toluene: ethanol mixture (2:1, 18 mL) was added to the flask, and the 

solution was stirred until homogeneous, after-which the solution was sparged with nitrogen for 15 

minutes. The temperature was increased to 70 °C and stirred for 12 hours. Once cooled to room 

temperature, the polymer was partially concentrated by rotary evaporation (~10 mL) and 

precipitated into a stirred excess of acetone: acetonitrile (1:1). The products were filtered, collected, 

and dried in vacuo overnight before subsequent characterization. P[(VC12-linIm)(OAc)]: 1H-NMR 

(CDCl3): δ 8.99 (br, 1H), δ 7.88 (br, 1H), δ 7.30 (br, 1H), δ 4.43 (br, 3H), δ 2.20 (br, 5H) δ 1.81 

(br, 2H), δ 1.26 (br, 18H), δ 0.91 (br, 3H). P[(VC12-linIm)(C8H15O2)]: 1H-NMR (CDCl3): δ 10.02 
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(br, 1H), δ 8.05 (br, 1H), δ 7.20 (br, 1H), δ 4.53(br, 1H), δ 4.13 (br, 2H),  δ 2.35 (br, 2H) δ 2.11 (br, 

2H), δ 1.81 (br, 2H), δ 1.55 (br, 2H), δ 1.17 (br, 28H), δ 0.88 (br, 6H). P[(VC12-linIm)(C12H23O2)]: 

1H-NMR (CDCl3): δ 9.84 (br, 1H), δ 7.72 (br, 1H), δ 7.27 (br, 1H), δ 4.30 (br, 3H), δ 2.31 (br, 2H) 

δ 2.04 (br, 2H), δ 1.81 (br, 2H), δ 1.55 (br, 2H), δ 1.22 (br, 34H), δ 0.90 (br, 6H).  P[(VC12-

linIm)(C18H35O2)]: 1H-NMR (CDCl3): δ 9.88 (br, 1H), δ 7.79 (br, 1H), δ 7.20 (br, 1H), δ 4.67 (br, 

1H), δ 4.30 (br, 2H), δ 2.36 (br, 2H) δ 2.17 (br, 2H), δ 1.92 (br, 2H), δ 1.63 (br, 2H), δ 1.21 (br, 

48H), δ 0.90 (br, 6H). P[(VC12-linIm)(C18H33O2]: 1H-NMR (CDCl3): δ 10.03 (br, 1H), δ 7.53 (br, 

2H), δ 5.40 (br, 2H), δ 4.37 (br, 3H), δ 2.26 (m, 2H), δ 1.91 (m, 4H), δ 1.54 (m, 2H), δ 1.24 (m, 

42H), δ 0.92 (br. 6H). 

2.4 Polymer Characterization 

2.4.1 Molecular Weight Determination 

Molecular weight determination of the synthesized PILs was accomplished using Gel 

Permeation Chromatography (GPC). A Viscotek GPCmax VE 2001 integrated pump, autosampler, 

and degasser was used for solvent and sample delivery into a Viscotek Triple Detection Array 302 

equipped with a refractive index, viscometer, and right-angle light scattering detector, using a 3 

mW 670 nm temperature-controlled laser diode. A PSS-GRAM Lux analytical 3000Ǻ column 

(dimensions: 8 x 300 nm, particle size 10 μm, separation limit: 2.0 x 107 Da) in combination with 

10mM LiBr solution in DMF as eluent was used and allowed to equilibrate for 24 hours before use 

at 40 °C.  The column temperature was maintained at 40 °C, and a flow rate was set to 1 mL min-

1. The samples were filtered through a 0.22 μm nylon filter before passing through the column. To 

ensure accurate molecular weight determination, the refractive index increment (dn/dc) was found 

for each characterized sample using an Optilab rEX at 40 °C and a flow rate of 1 mL min-1. 

OmniSEC 5.02 software was used for analysis, and absolute molecular weights and PIL properties 

were determined using data collected by the light scattering detector.  
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2.4.2 Dynamic Scanning Calorimetry (DSC) 

DSC curves were recorded on a TA Instruments DSC Q1000. All samples were dried 

overnight at 60 °C to remove residual solvent and encapsulated in aluminum hermetically sealed 

pans and scanned (heating-cooling-heating) from -60 to 200 °C, with a heating and cooling rate of 

10 °C min-1 under a nitrogen purge gas flow of 50 mL min-1. The midpoint Tg and enthalpies of 

fusion (Hf) were determined according to ASTM D7426-08 and E793-06 respectively, using TA 

Universal Analysis software to collect and analyze a samples second heating cycle.  

2.5 Absorption by Polymeric Ionic Liquids 

2.5.1 Partition Coefficient and Selectivity Testing 

The absorptive properties of a PIL extractant were quantified by determining the n-butanol 

partition coefficient and selectivity in triplicate as previously described. (A minimal volume of 15 

wt.% EtOH was added to each bulk polymer before it was compression molded at 70 °C into 

rectangular blocks and dried under vacuum overnight at 60 °C. The resulting blocks cut to 0.4-0.6 

g samples). Comparing compositions of matter, a 0.5 g sample (5 wt.% polymer phase fraction) 

was added to 10 mL of 1 wt.% aqueous n-butanol, and was equilibrated in a Nova 4400 incubator 

shaker at 30 °C for 24 hours at 180 rpm. The aqueous phase was subsequently sampled to determine 

the final butanol concentration (in triplicate) by gas chromatography. A Varian 450-GC, equipped 

with a CP-8410 autoinjector, RTx 502.2 column (particle size: 1.4 μm; 30 m × 0.25 mm; Restek), 

and flame ionization detector was used. Hydrogen was used as a carrier gas at a flow rate of 2.1 

mL min-1, and nitrogen, hydrogen (combustion), and air flow rates were 25, 30, and 300 mL min-1 

respectively. The injection temperature of the 0.4 μL sample was kept at 200 °C, the oven 

temperature ramped from 35 to 200 °C at a rate of 50 °C min-1, the detector at 250 °C, giving a total 

run time of 5.4 minutes and an equilibration time of 2 minutes between samples. External standards 

were used for calibration of butanol in the samples.  
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 A mass balance of the equilibrated polymer samples was completed, wherein ~0.5  0.1 g 

polymer was lightly patted with a Chemwipe to remove excess solution and dried in an aluminum 

weigh pan overnight until mass was constant to determine the solute concentration in the polymer 

phase. Experimental PCBuOH was calculated using aqueous and polymer phase weight fractions of 

butanol and water in Equation 2.1. Standard deviation values were calculated from triplicate 

samples to establish a mean value for the equilibrium measurements. n-Butanol/water selectivity 

( b/w) was calculated as in Equation 2.2.  

𝑃𝐶𝐵𝑢𝑂𝐻 =  
𝑤𝐵𝑢𝑂𝐻

𝑝

𝑤𝐵𝑢𝑂𝐻
𝑎𝑞  α𝑏/𝑤 =

𝑃𝐶𝐵𝑢𝑂𝐻

𝑃𝐶𝐻2𝑂
 

Equation 2.1. Calculation of partition coefficient Equation 2.2. Calculation of selectivity 

2.5.2 Solubility Testing 

The solubility of the polymer was tested as previously described.[16] 20 wt.% PIL was 

loaded into a vial containing either n-butanol or Type I ultrapure water and allowed to equilibrate 

for 48 hours while stirring in a Nova 4400 incubator shaker at 30 °C at 180 rpm. If homogeneous, 

the polymer was said to dissolve. If the polymer could be easily separated from the solvent, a mass 

balance was performed to determine its uptake of the solvent.  

2.5.3 Ternary Phase Diagram 

A ternary phase diagram was constructed to show the equilibrium behavior of the water, 

n-butanol, P[VC12-linIm][Br] system over a range of initial aqueous n-butanol concentrations. As 

with PC and selectivity testing, polymer pieces were placed into 20 mL scintillation vials and 

respective amounts of n-butanol and water were added to the polymer. The samples were incubated 

for 24 hours at 30 °C and 180 rpm in a Nova 4400 incubator. The aqueous phase was quickly 

sampled to determine the n-butanol partition coefficient of the polymer in each respective system, 

and a mass balance was performed on the equilibrated polymer-phase; where polymer pieces were 

lightly pat dry to remove excess solvent from weighed in an aluminum weigh pan before drying 
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overnight. The resulting characterization allowed for the determination of composition in both the 

aqueous and polymer phases, and the creation of the ternary phase diagram.  

2.6 Desorption of Absorptive Polymers 

The isothermal desorption of n-butanol and water from P[(VC12-linIm)(Br)] and PEBAX 

2533 was performed using a TA Instruments TGA Q500. Equilibrated polymer samples (mass < 

70 mg) were quickly patted dry using a Chemwipe, placed on platinum pans, tared, and heated 

immediately at 200 °C min-1 to 50 °C, 100 °C, and 150 °C. The samples were held at this 

temperature under a 60 mL min-1 nitrogen flow for 4 hours. Data analysis was completed using TA 

Universal Analysis software.  

2.7 P[(VC12-linIm)(Br)x(OH)y] for the reactive extraction of Succinic Acid 

2.7.1 Preparation and Characterization of P[(VC12-linIm)(Br)x(OH)y 

 

Scheme 2.16 Anion Metathesis of P[(VC12-linIm)(Br)] to P[(VC12-linIm)(Br)x(OH)y] 

In a 250 mL round bottom flask, P[(VC12-linIm)(Br)] (10.01 g, 29.1mmol Br -) was added 

to a stirring solution of potassium hydroxide (3.27 g, 58.3 mmol) in isopropanol: water (1:1, 65 

mL), and left to stir for 40 hours. The polymer was collected by vacuum filtration and triturated 

with water for 2 hours; this process was repeated 3 times to remove any excess potassium 

hydroxide. The polymer was filtered and dried under vacuum.  

To determine the conversion of bromide to hydroxide, a sample of P[(VC12-

linIm)(Br)x(OH)y] (3.01 g) was placed in Type I ultrapure water (80 mL). The polymer mixture was 
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slowly titrated (dropwise) over the course of 2 hours using 11.0 mM HCl, until pH =7, allowing 

for the hydroxide content of the synthesized PIL to be determined.  

2.7.2 Reactive Extraction of Succinic Acid 

 

Scheme 2.17 Reactive extraction of succinic acid from an aqueous solution by P[(VC12-linIm)(Br)x(OH)y]. 

To determine the reactive extraction capability of P[(VC12-linIm)(Br)x(OH)y] to effectively 

remove succinic acid from an aqueous media, 22.0 mM (2.5 g L-1) solution of succinic acid (50 

mL) was added to 6 x 125 mL Erlenmeyer flasks, each containing varying phase fraction of 

polymer; Fpoly = 0, 0.0037, 0.0074, 0.0111, 0.0148, and 0.0185 respectively, similar to a previous 

study, however accounting for hydroxide composition.[6] The mixtures were allowed to equilibrate 

overnight; after which the pH of the solution was determined via an Orion Expandle Ion Analyzer 

(EA920) connected to a Broadley James (F-635) double junction Fermprobe. Once a stable pH was 

measured, an aliquot of the aqueous phase was taken and analyzed by high-performance liquid 

chromatography (HPLC, Varian Prostar) with UV-Vis detector (Varian Prostar, PS325) operating 

at 220nm. HPLC setup consisted of a Varian Hi-Plex H+ column heated and maintained at 60 °C 

with a 9 mM H2SO4 mobile phase flowing at 0.4 mL min-1. The full elution peak of a 20 μL sample 

containing succinic acid was completed at 7.1 minutes, with a total run time of 9.5 minutes. All 

measurements were performed in triplicate, and the concentration of succinic acid in solution was 

determined via an external calibration curve previously prepared.  
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2.7.3 Reusability of P[(VC12-linIm)(Br)x(OHy) 

 

Scheme 2.18 Cycle of reactive extraction of succinic acid in an aqueous solution by hydroxide functionalized PIL 

To determine the reusability of the hydroxide functionalized PIL for the cyclic removal of 

succinic acid from aqueous media, P[(VC12-linIm)(Br)x(OH)y] (Fpoly = 0.0111, 0.0148, and 0.0185) 

was exposed to a solution of succinic acid (2.5 g L-1) for 24 hours and allowed to equilibrate. The 

succinic acid concentration and pH of the aqueous phase were measured before and after 

equilibration by HPLC and pH meter described previously above. After equilibration, the polymer 

was separated and added to an aqueous solution of hydrobromic acid (1M, 3 eq.) for 10 hours to 

remove all succinic acid and revert the polymer to P[(VC12-linIm)(Br)]. The resulting polymer was 

immediately added to a stirring solution of potassium hydroxide (0.654 g, 11.7 mmol) in 

isopropanol: water (1:1, 15 mL), and left to stir for 36 hours. The polymer was collected by vacuum 

filtration and triturated with water for 2 hours; this process was repeated 3 times to remove any 

excess potassium hydroxide. The polymer was filtered and quickly dried under vacuum before 

being titrated to determine the hydroxide content of the modified PIL. The polymer was then added 

to the succinic acid solution and the cycle repeated twice more to determine the reusability and 

performance of the material and process. 
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Chapter 3 

Polymeric Ionic Liquid Absorbents for n-Butanol Recovery from Dilute 

Aqueous Solution 

3.1 Introduction 

The biosynthesis of alcohols is an attractive approach for the renewable production of 

transportation fuels, solvents, and chemical intermediates. In many cases, bioprocess economics 

are highly sensitive to the efficiency of alcohol recovery from dilute fermentation media. 

Depending on the biocatalyst employed, solute cytotoxicity limits solution titers to concentrations 

ranging from 10-12 wt.%. In the case of n-butanol, conventional product isolation from dilute 

aqueous media is further complicated by a heterogeneous azeotrope, which necessitates the use of 

multiple distillation columns to yield high purity product. This has fueled research into in-situ 

product removal (ISPR) methodologies designed to maintain butanol levels below cytotoxic 

concentrations, while simultaneously concentrating the product to facilitate downstream 

purification.  

Emerging interest in polymeric absorbents for two-phase partitioning bioreactor (TPPB) 

systems led us to consider polymeric ionic liquids (PILs) for the selective absorption of n-butanol 

from aqueous solutions. In contrast to liquid organic solvents such as oleyl alcohol, polymer 

systems do not incur foaming and/or emulsification problems, nor do they suffer from 

biocompatibility issues observed for most low molecular weight ionic liquids (ILs). The latter 

advantage stems from the ability to render PILs water-insoluble by tailoring their composition 

and/or polymer chain architecture, thereby making the absorbent non-bioavailable. Moreover, 

shifting from ILs to PILs overcomes important handling difficulties, as the absorbent is no longer 

a high viscosity liquid, but rather a viscoelastic solid. 
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An ideal PIL absorbent combines a high thermodynamic affinity for butanol, as quantified 

by the solute partition coefficient (PCBuOH=𝑤𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝐵𝑢𝑂𝐻 /𝑤𝑎𝑞𝑢𝑒𝑜𝑢𝑠

𝐵𝑢𝑂𝐻 ), with a low affinity for water, as 

measured by selectivity (αb/w = PCBuOH/PCwater). Whereas a higher PC reduces the amount of 

absorbent required to reduce BuOH concentrations below cytotoxic levels, higher selectivity 

enriches the concentration of BuOH over water in the saturated absorbent phase. If above the liquid-

liquid equilibrium (LLE) minimum at 25 °C, two liquid phases with compositions of 7.7 wt.% and 

79.9 wt.% BuOH will appear, the proportions of which depends on the overall butanol/water 

composition isolated from the saturated PIL phase.  

Our recent study of imidazolium bromide-based PILs produced the amongst the highest 

butanol absorbent capacity recorded for a biocompatible material, with poly(1-vinyl-3-

dodecylimidazolium bromide) providing PCBuOH = 6.7 ± 0.5, nearly twice that of oleyl alcohol.[1,2] 

In this work, additional PIL compositions were prepared and characterized to gain insight into 

structure-property relationships for this application. Differential scanning calorimetry (DSC) 

measurements of Tm and Tg are used to demonstrate differences in the physical properties of PILs, 

and comprehensive PC and α data for n-butanol explore differences in solute affinity in a simulated 

TPPB environment.  

3.2 Results and Discussion 

3.2.1 Polymer Synthesis 

The polymerization of vinyl IL monomers can have dramatic effects on water solubility, 

as the material’s entropy of mixing with water declines with increasing molecular weight. For 

example, [VC12-linIm][Br] is miscible with water, whereas the corresponding high molecular weight 

polymer derivative only absorbs  4 wt.% when saturated with water.  Phase partitioning effects are 

not only observed under TPPB operating conditions but can occur post-polymerization.  Starting 

from an initially homogeneous monomer solution, the polymerization of [VC12-linIm][Br] in 

methanol/water mixtures gives rise to a precipitation polymerization that yields a solid monolith 



 

41 

 

product. However, monoliths have been found to be generally undesirable due to the high surface 

area and void fraction provided by the morphology that leads to non-selective uptake.[1] Therefore, 

polymerization in toluene/ethanol, retaining the resulting polymer product in solution before 

precipitation, was chosen as the general synthetic avenue. AIBN-initiated polymerization of 

vinylimidazolium bromide ILs proceeded to high conversion, and products could be recovered in 

high yield by precipitation from concentrated toluene/ethanol solutions into excess acetone. 

Although the influence of polymer molecular weight on solute partition coefficients is well 

documented, difficulties in measuring the molecular weight distribution of PILs has deterred other 

groups from fully characterizing their products. Unreliable molecular weight characterization is 

normally obtained by GPC due to the presence of charged groups in PILs and is likely a result of 

polymer aggregation on the column fillers.[3] A method developed by Matyjeszewski et. al. 

succeeded in the determination of molecular weight of PILs by adding the respective counter-ion 

to the GPC eluent at a concentration of 10 mM.[4] This decreases the association of ionic groups in 

the PIL and reduces the polymer-column interactions, as the addition of respective anion to the 

GPC eluent acts as a screening electrolyte that diminishes the polymer chain expansion.[5–7]  

To avoid ambiguities associated with conventional GPC calibrations, we opted for light 

scattering analyses of SEC fractionated samples based on independently measured dn/dc values.  

Data for the various alkyl imidazolium bromide PILs prepared in this work are reported in Table 

1, along with Tg and Tm measurements acquired by DSC analysis. Using the aforementioned 

method, 10 mM LiBr in DMF was determined to be a good solvent with Mark–Houwink–Sakurada 

(MHS) α values ≤ 0.8, and therefore allowed for molecular weight determinations. The data 

confirms that number average molecular weights (Mn) exceeded 27 kDa in all cases; an important 

result given the influence of Mn on polymer properties, including partition coefficients, is greatly 

diminished above the 15 kDa threshold.[8] These effects are captured by the Flory Huggins equation, 
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a semi-empirical expression for the thermodynamic affinity of a solute in a given polymer phase 

(Equation 3.1). 

𝑎𝑖
𝑝𝑜𝑙𝑦

=  𝑤𝑖Ω𝑖
𝑝𝑜𝑙𝑦

=  𝑥𝑖𝑦𝑖
𝑝𝑜𝑙𝑦

=  𝑥𝑖 ∙ exp (𝑙𝑛
𝜑𝑖

𝑥𝑖
+ 1 −

𝜑𝑖

𝑥𝑖
+ 𝑋𝑖𝑗𝜑𝑗

2) 

Equation 3.1. Flory-Huggins equation for a given solute (i) in a polymer phase (j).[8–10]  

Lower molecular weight corresponds to lower solute mole fractions (x1) relative to solute 

volume fraction (φi).[9,10] This decreases the solute activity in the polymer (ai), leading to higher 

partition coefficients as defined by Equation 3.2.[11,12] As a result, the n-butanol partition coefficient 

and selectivity values reported throughout this study are expected to be the minimum values for 

each polymer composition.  

𝑃𝐶𝐵𝑢𝑂𝐻 =  
𝑤𝐵𝑢𝑂𝐻

𝑝𝑜𝑙𝑦

𝑤𝐵𝑢𝑂𝐻
𝑎𝑞 =  

Ω𝐵𝑢𝑂𝐻
𝑎𝑞

Ω𝐵𝑢𝑂𝐻
𝑝𝑜𝑙𝑦  

Equation 3.2. Butanol partition coefficient expressed as a function of weight fractions and activity coefficients of both polymer and 

aqueous phase fractions 

Composition Mn 
(a) (kDa) Đ (a) dn/dC(b) 

(mL/g) 

MHS 

(c) 

Tm (d) 

(°C) 

𝜟𝑯𝒇
°  (d) 

(J/g) 

Tg 
(d) 

(°C)  

P[(VC8-linIm)(Br)] 39 1.9 0.0674 0.704 n/a n/a 188 

P[(VC12-linIm)(Br)] 42 1.6 0.0725 0.682 -18 12.9 186 

P[(VC16-linIm)(Br)] 49 1.9 0.0710 0.772 34 43.7 n/a 

P[(VC8-braIm)(Br)] 31 1.8 0.0647 0.684 n/a n/a 180 

P[(VC12-braIm)(Br)] 41 1.6 0.0638 0.729 n/a n/a 191 

P[(VC16-braIm)(Br)] 27 1.8 0.0653 0.757 n/a n/a n/a 
Table 3.1. Characterization of alkyl bromide functionalized imidazolium PILs. (a) determined from right angle light scattering detector 

of GPC, (b) determined with Optilab RX at 40 oC, (c) determined from intrinsic viscosity of GPC, (d) values from 2nd heating trace, 

heated at 5 oC min-1. 

3.2.2 N-alkyl Substituent Effects on Butanol Absorption by PILs 

Previous research showed that imidazolium bromide PILs bearing linear alkyl substituents 

in the C8-C16 size range are insoluble in water as well as dilute aqueous BuOH solutions, rendering 

the polymers biocompatible with the microorganisms commonly used in butanol production. 

However, limitations in n-alkyl substituent length were observed and hypothesized to be as a result 

of the formation of crystalline domain. Therefore, in an attempt to limit substituent crystallization, 

comparative branched and linear alkyl substituted imidazolium PILs were synthesized.  
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Both PCBuOH and αb/w are a function of n-alkyl substituent length, increasing up to C12 and 

declining significantly upon reaching C16 (Table 3.2). This abrupt shift from P[(VC12-linIm][Br] with 

PCBuOH = 7.4 ± 0.3 and αb/w
 = 97 ± 7 to P[(VC16-linIm)(Br)] with PCBuOH = 5.2 ± 0.2 and αb/w

 =  60 ± 

6 establishes an upper limit for n-alkyl substituent length. Note that identical to our previous study, 

fully dried PILs were glassy at room temperature, with C8-lin and C12-lin polymers being transparent 

and C16-lin material existing as a translucent white solid that is indicative of a semi-crystalline 

morphology.  

 BuOH / Water(a) BuOH(b) Water(b) 

Composition 

𝒘𝑩𝒖𝑶𝑯
𝒑𝒐𝒍𝒚

 

(g kg-1) 

𝒘𝑯𝟐𝑶
𝒑𝒐𝒍𝒚

 

(g kg-1) PCBuOH  b/w 

Uptake 
(wt.%) 

Uptake 
(wt.%) 

P[(VC8-linIm)(Br)] 39  2 260  5 6.4  0.3 26  1 soluble 14 

P[(VC12-linIm)(Br)] 66  12 64  5 7.4  0.3 97  7 soluble 4 

P[(VC16-linIm)(Br)] 40  8 77  7 5.2  0.2 60  6 soluble 5 

P[(VC8-braIm)(Br)] 24  1 480  81 4.2  0.5 9  1 soluble 32 

P[(VC12-braIm)(Br)] 35  5 296  24 7.1  0.1 21  1 soluble 29 

P[(VC16-braIm)(Br)] 45  9 120  23 6.2  0.2 53  8 soluble 22 

P[(V(C8H4F13)Im)(Br)] 48  3 142  28 6.9  0.4 49  7 22 6 

P[(VBnzIm)(Br)] 61  8 183  31 7.1  0.4 42  7 soluble 28 

P[(VOlyIm)(Br)] 26  3 348  25 4.9  0.6 15  2 soluble 33 

P[(VC12-linIm)(BF4)] 52  22 342  100 6.0  0.5 19  4 soluble 23 

P[(VC12-linIm)(PF6)] 58  19 42  15 6.3  0.8 116  12 soluble 4 

P[(VC12-linIm)(SCN)] 44  4 274  31 9.3  0.3 37  6 soluble 21 

P[(VC12-linIm)(ClO4)] 29  3 19  1 2.9  0.1 147  17 soluble 4 

P[(VC12-linIm)(OAc)] 49  3 119  27 7.7  0.7 69  10 soluble 12 

P[(VC12-linIm)(C8H15O2)] 46  7 169  17 7.0  0.7 41  4 soluble 13 

P[(VC12-linIm)(C12H23O2)] 38  5 162  6 6.4  0.8 39  5 soluble 16 

P[(VC12-linIm)(C18H35O2)] 19  3 62  7 2.3  0.4 36 4 soluble 6 

P[(VC12-linIm)(C18H33O2)] 35  5 342  8 7.3  0.2 22  1 soluble 18 

a. 1 wt.% n-BuOH in water with PIL phase fraction of 0.05 

b. Pure BuOH with a PIL phase fraction of 0.2 

c. Pure water with a PIL phase fraction of 0.2 
Table 3.2. Thermodynamic equilibrium data for the absorption of BuOH/water, pure BuOH, or pure water. 

Differential scanning calorimetry (DSC) analysis of dry materials revealed glass transition 

temperatures in excess of 180 °C for all aliphatic PILs bearing bromide anions (Table 1). These 

values are far greater than that observed for a non-ionic poly(1-vinylimidazole) sample, owing to 

the effect of ion-pair interactions on polymer chain rigidity. These effects are particularly acute for 
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PILs bearing small anions such as bromide, whereas larger counter anions with distributed charge 

can provide more moderate glass transitions.[13,14] Since glassy polymers have negligible 

diffusivity, plasticization by butanol and/or water is necessary for PILs to be absorptive at a 

simulated TPPB operating temperature of 30 °C.[15] This issue is revisited in the context of BuOH 

recovery from saturated PILs in a later section.  

Of immediate interest are the significant endotherms observed for P[(VC12-linIm)(Br)] at -

18 °C and P[(VC16-linIm)(Br)] at 34 °C. Since radical polymerization to produce these PILs yields 

an atactic backbone, these melting transitions are attributed to crystallization of n-alkyl side-chains 

and are analogous to side-chain crystallization of alkyl-substituted rigid polymers such as aromatic 

polyesters, polyamides, polyimides, polythiophenes, and polyanilines.[16]  Although both PILs 

demonstrate a potential to crystallize, only the C16-lin PIL is expected to retain a semi-crystalline 

phase at the simulated TPPB operating temperature of 30 °C used to measure butanol absorption 

from aqueous solution.  

Since crystalline phase fractions are generally non-absorptive, partition coefficients based 

on the bulk weight P[(VC16-linIm)(Br)] are expected to be lower than analogous amorphous PILs 

since only the amorphous fraction of a polymer is capable of solute uptake. If the degree of 

crystallinity (Xc) is known for a given polymer, a partition coefficient for the amorphous phase 

(PCamorphous) can be calculated from the observed partition coefficient (PCobs) using Equation 3.3. 

This would allow for direct comparison of P[(VC16-linIm)(Br)] with its C12-lin analog. However, the 

enthalpy of melting for crystallites is unknown, preventing the endotherm recorded by DSC from 

being converted to Xc.  

𝑃𝐶𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 =  
𝑃𝐶𝑜𝑏𝑠

1 − 𝑋𝑐
 

Equation 3.3. Normalized partition coefficient accounting for the crystalline domain in an absorbent 

To gain further insight into the influence of alkyl group crystallization on solute absorption, 

and in hope of producing materials with improved absorptive properties, a series of branched-alkyl 
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substituted PILs with identical carbon numbers to their n-alkylanalogs were prepared and 

characterized. As expected, crystallinity in the branched-alkyl PILs was suppressed, with neither 

P[(VC12-braIm)(Br)] nor P[(VC16-braIm)(Br)] showing evidence of a melting endotherm in DSC 

analysis (Figure 3.1, Table 3.1).  

P[(VC8-braIm)(Br)] proved to be the least effective solid-phase extractant prepared in this 

phase of the study (PCBuOH = 4.2  0.5,  b/w = 9  1). Comparing the linear and branched amorphous 

PILs, it is seen that the branched-alkyl substituted PILs have greater water uptake; C8-lin absorbed 

14 wt.% while C8-bra absorbed 32 wt.%. As is seen in water uptake studies of linear vs. branched 

alkyl substituted ILs, branching results in greater swelling, and it is rational to expect a similar 

increase in water uptake for branched-alkyl substituted PILs over their linear analogues.[17,18]  

As expected, butanol partition coefficients increased with respect to branched alkyl 

substituent length, culminating in P[(VC16-braIm)(Br)] values of (PCBuOH = 6.2  0.2,  b/w = 53  8).  

This value is significantly better than that recorded for P[(VC16-linIm)(Br)], but this gain comes at 

the expense of selectivity, limited by the increased water uptake inherent with branched-alkyl 

substituted ILs and PILs.[17] Overall, P[(VC12-linIm)(Br)] proved to be the superior imidazolium-

Figure 3.1. PCBuOH and selectivity of substituted poly(vinylimidazolium bromide) compositions from a 1 wt.% aqueous n-BuOH solution 

at a polymer phase fraction of 0.05 (5 wt.%).     
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bromide-based absorbent, as a linear C12 substituent provided the optimal thermodynamic affinity 

toward butanol/water. 

With the introduction of branched alkyl groups failing to improve absorbent performance, 

alternate functionality was explored, including benzyl, 1H,1H,2H,2H-perfluoro-octyl and oleyl 

substituents. Polymerization of the IL monomers proceeded to high conversion to yield completely 

amorphous materials, as confirmed by DSC. The benzyl-functionalized polymer, 

P[(VBnzIm)(Br)], provided a partition coefficient similar to the benchmark material, P[(VC12-

linIm)(Br)], but with only one-half the BuOH/water selectivity. The affinity of the benzyl-

functionalized PIL for water was confirmed by gravimetric analysis of P[(VBnzIm)(Br)] after 

equilibration in water. Whereas P[(VC12-linIm)(Br)] absorbed just 4% of its weight in water, 

P[(VBnzIm)(Br)] gained 28 wt.% (Table 3.1). 

The fluorous domain within P[(V(C8H4F13)Im)(Br)] produced the expected hydrophobic 

response, with the PIL swelling 6 wt.% in water.  However, the material had a lower affinity for 

butanol, absorbing 22 wt.% when immersed in pure alcohol. In contrast, all of the other PILs 

prepared in this work fully dissolved in BuOH at room temperature. While the polymer provided a 

good partition coefficient (PCBuOH = 6.9  0.4), its selectivity ( b/w = 49  7) failed to match that of 

the C12-lin benchmark. Increasing the fluorous phase fraction was not attempted, given the report of 

a semi-crystalline morphology for a similar 1H,1H,2H,2H-perfluoro-dodecyl substituted 

imidazolium-based PIL with a reported Tm at 153°C.[19] The widespread use of oleyl alcohol as an 

absorbent for TPPB production of ethanol and butanol motivated a study of a correspondingly 

functionalized PIL. Unfortunately, P[(VOlyIm)(Br)] proved to be relatively hydrophilic, as 

demonstrated by its high-water uptake, low partition coefficient, and inferior selectivity (Table 3.1). 

3.2.3 Anion Effects on P[(VC12-linIm)(X)] Performance 

In addition to varying the alkyl substituent of an imidazolium PIL, material properties can 

also be tailored by changing the PIL anion.[20–22]  Shifting from bromide to inorganic anions with 
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greater hydrophobic character was of particular interest, as the potential exists to affect both n-

BuOH absorption capacity and selectivity. Anion hydrophobicity is expressed by the Hofmeister 

series, which quantifies a dissociated ion’s ability to precipitate proteins from aqueous solution.[23–

26] By this metric, hydrophobicity varies as follows: Br- < BF4
- < ClO4

- < PF6
- < SCN-.[23] The 

influence of these anions was examined for on P[(VC12-linIm)(X)] polyelectrolytes, where X 

represents the aforementioned inorganic counter-anion since the C12 substituent provided the 

highest butanol partition coefficient and selectivity while remaining amorphous at TPPB operating 

conditions.   

The required VC12Im(X) monomers were prepared from VC12ImBr by anion metathesis in 

an aqueous solution of the requisite salt, followed by extraction of the product into chloroform. 

This procedure exploits the affinity of bromide for water, providing complete anion exchange using 

relatively little excess reagent.[1,21,27–29] The resulting monomers were polymerized in toluene: 

ethanol (3:2) solution using AIBN as an initiator, giving the corresponding PILs in high yield. 

Molecular weight determination of the resulting polymers was decidedly not undertaken, as 

appreciable molecular weights had been observed for alkyl-substituted imidazolium bromide PILs 

with a nearly identical procedure. The phase transition temperatures for dry material samples are 

summarized in Table 3.3. All of the PILs displayed melting endotherms corresponding to n-dodecyl 

substituent crystallization at temperatures similar to that of P[(VC12-linIm)(Br)] with comparable 

latent heats of fusion.[16] As such, they are amorphous at standard TPPB operating temperatures. 

Glass transition temperatures ranged from 133-173 °C for the PILs, lower than the Tg of 

186 °C reported for P[(VC12-linIm)(Br)] (Table 3.1, Table 3.3). Note that polymer backbone 

mobility in PILs is restricted by ionic interactions whose intensity is expressed by q/a, where q is 

the neutralizing charge and, a is the charge separation distance. Therefore, anion size and glass 

transition temperature are inversely proportional, with larger anions depressing the phase transition 

temperature. This relationship has been widely observed, as larger counter anions are bulkier and 
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have the ability to distribute charges, thus lowering Tg.[13,30] However, as discussed previously, PIL 

plasticization by solute and water lower Tg below 30 °C, yielding rubber viscoelastic solids at 

conventional TPPB operating conditions.[15]  

Composition Tm (°C) 𝜟𝑯𝒇
°  (J/g) Tg (°C) 

P[(VC12-linIm)(BF4)] -18 9.7 164 
P[(VC12-linIm)(PF6)] -16 11.6 133 
P[(VC12-linIm)(SCN)] -17 10.4 173 
P[(VC12-linIm)(ClO4)] -13 8.8 155 

P[(VC12-linIm)(OAc)] -27 6.7 207 
P[(VC12-linIm)(C8H15O2)] -17 11.0 150 
P[(VC12-linIm)(C12H23O2)] 12 16.2 134 
P[(VC12-linIm)(C18H35O2)] 37 47.8 112 
P[(VC12-linIm)(C18H33O2)] n/a n/a 7 

Table 3.3: P[(VC12-linIm)(X)] composition effect on phase transition. Recorded values are taken fromthe second heating scan at a rate of 

5 °C min-1. 

 

Figure 3.2. PCBuOH and selectivity of P[(VC12-linIm)(X)] compositions from a 1 wt.% aqueous n-BuOH solution at polymer phase fraction 

of 0.05 (5 wt.%). 

Partition coefficient and selectivity data for the inorganic anion series are plotted in Figure 

3.2. Similar to our previous study, P[(VC12-linIm)(BF4)] was found to have poor selectivity and 

middling PCBuOH, opposite of the expected increase in hydrophobicity coming from anion exchange 

of Br- to BF4
-.[1] This trend is not exclusive to PILs, and has been observed comparing ionomers for 
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the selective absorption of styrene, octanol, and butanol.[31] A BF4
- functionalized ionomer 

performed similar to a bromide ionomer in the absorption of styrene from water, however, 

worsened in performance with increasing solute polarity (and thus hydrophilicity) to less than one-

half the partition coefficient and selectivity for octanol and butanol when compared to the bromide 

ionomer.  

Although no consistent trends were observed amongst the Hofmeister series, the results 

demonstrate considerable potential in terms of optimizing for either absorptive capacity or BuOH 

uptake selectivity, with P[(VC12-linIm)(SCN)] providing a remarkably high PCBuOH = 9.3  0.3 yet 

low selectivity, and P[(VC12-linIm)(ClO4)] providing an exceptional selectivity of  b/w = 147 ± 17 

with adequate PCBuOH.  No single PIL anion formulation in this series provided exceptional PCBuOH 

and  b/w values, suggesting that choosing an inorganic anion requires an optimization between 

counteracting performance criteria. This is in accordance with our previous study regarding the 

effect of halide-counterions in PILs on the effect of butanol sequestration from an aqueous solution, 

where an increase in halide hydrophobicity lowered total liquid absorption levels resulting in a 

decrease in PCBuOH and increase in αb/w.[1] 

PILs bearing linear carboxylate anions were also explored, resulting in equilibrium data 

for acetate, caprylate, laurate, stearate and oleate salts (Table 3.2, Figure 3.3). The acetate PIL, 

P[(VC12-linIm)(OAc)], provided the best BuOH absorption metrics (PCBuOH = 7.7  0.7,  b/w = 69  

10) amongst this class of material, with performance declining with increasing alkyl substituent 

length.  Crystalline domains in each of the acetate, caprylate, and laurate functionalized PILs were 

evident from DSC analysis, but these materials are amorphous at 30 °C (Figure 3.4).  This is not 

the case for the stearate material, P[(VC12-linIm)(C18H35O2), which exhibited overlapping 

endotherms at 28 °C and 37 °C. The semi-crystalline phases that produced these endotherms 

depressed the PIL’s absorption capacity to PCBuOH = 2.3  0.4, just as was observed for the P[(VC16-

linIm)(Br)] system. 
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Figure 3.3. PCBuOH and selectivity of P[(VC12-linIm)(RCOO)] compositions from a 1 wt.% aqueous n-BuOH solution at polymer phase 

fraction of 0.05 (5 wt.%). 

 

Figure 3.4. DSC traces of P[(VC12-linIm)(RCOO)] compositions. All traces displayed were recorded at 5 °C min-1 on second heating. 

 

0

20

40

60

80

100

0.0

2.0

4.0

6.0

8.0

10.0

Acetate Caprylate Laurate Stearate Oleate


b

/w

P
C

B
u

O
H

Carboxylate Composition

Partition Coefficient

Selectivity

-50 0 50 100 150 200

H
ea

t 
Fl

o
w

 (
W

/g
) 

ex
o

-u
p

Temperature (°C)

Acetate
Caprylate
Laurate
Stearate
Oleate



 

51 

 

Crystallization of the alkyl substituent in the stearate salt was averted by preparing the 

corresponding oleate PIL (P[(VC12-linIm)(C18H33O2)]) whose cis-olefin functionality eliminated any 

evidence of a melting endotherm (Figure 3.4). This resulted in a dramatic improvement in 

absorption capacity (PCBuOH = 7.3  0.2), albeit at a loss of selectivity and increase in pure water 

uptake. Interesting phase behavior for the oleate-functionalized material was not limited to 

crystallization phase transitions, but also to the glass transition.  Whereas a stearate counter anion 

produced a Tg of 112 °C, the corresponding oleate PIL had a Tg of just 7 °C, meaning that the PIL 

was in the rubbery state at room temperature (Table 3.3). This is rationalized by the frustration of 

chain packing by the oleate counter anion, thereby decreasing free volume and depressing Tg to the 

point that PIL plasticization is not required to support solute absorption/desorption at conventional 

TPPB operating conditions.  

3.3 Conclusion 

Imidazolium PILs were synthesized through the homopolymerization of vinyl IL 

monomers to give water- insoluble. The semi-crystalline morphology observed for a PIL bearing a 

C16 n-alkyl substituent was averted by introducing branched-alkyl groups, but provided no apparent 

improvement in either PC or  b/w. Amongst all of the bromide-based PILs studied, P[(VC12-

linIm)(Br)] exhibited the greatest PCBuOH  (7.4) and  b/w (97), it the preferred PIL absorbent for 

butanol recovery in TPPB systems.  Exchange of bromide to other inorganic anions (BF4
-, PF6

-, 

SCN-, ClO4
-) demonstrated the potential to improve PCBuOH or  b/w, but the data suggest that 

selecting an inorganic anion requires an optimization between counteracting performance criteria. 

Although PILs bearing carboxylate anions can suffer from co-crystallization and side-chain 

crystallinity that can limit solute affinity, they provide an opportunity to lowering glass transition 

temperature to below standard TPPB operating values.  
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Chapter 4 

Butanol Recovery Considerations 

4.1 Conventional BuOH Recovery Processes 

The isolation of butanol from dilute aqueous solution by atmospheric distillation is 

impacted by a heterogeneous azeotrope at 92°C at atmospheric pressure, comprised of a vapor 

phase (55.5 wt.% BuOH), an aqueous phase (7.7 wt.% BuOH) and an organic phase (79.9 wt.% 

BuOH).  This necessitates the use of two distillation columns with an intermediate condenser and 

liquid-liquid equilibrium (LLE) decanter, as illustrated in Figure 4.1, often under reduced 

pressure.[1]  Although BuOH has a lower vapor pressure than water, the minimum boiling azeotrope 

results in BuOH enrichment in the overhead vapor of the first column. Condensing this vapor yields 

the aforementioned LLE condition, with recycling of the aqueous phase to column 1 and further 

processing of the organic phase in column 2.  Since LLE brings the column 2 feed above the 

azeotropic condition, distillation can produce a bottom product that is 99.9 wt.% BuOH. The 

overhead vapor from column 2 is restricted to the azeotrope composition, which allows it to be 

recycled to the LLE condenser.[1,2] 

Figure 4.1. Conventional n-butanol isolation by distillation. Luyben, Energy & Fuels 2008, 22, 4249-4258 
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4.2 Proposed PIL-mediated BuOH Recovery Process 

An alternative BuOH recovery process involving a PIL absorption column is illustrated in 

Figure 4.2, in which fermentation broth is circulated continuously through a packed bed at 

atmospheric pressure. The bioproduction of BuOH is allowed to increase the alcohol concentration 

in both the aqueous and the polymer phase until the solution concentration reaches a designated 

threshold, which is based on the tolerance of the biocatalyst to BuOH cytotoxicity. At this point, 

the column is replaced in the circulation loop, drained of its aqueous phase, and heated to evaporate 

BuOH and water from the saturated polymer. Note that a prospective PIL absorbent must enrich 

the BuOH concentration from the fermentation medium threshold to well beyond the aqueous phase 

decanter composition of 7.7 wt.%. Achieving this performance standard eliminates the need for a 

primary distillation column, reducing the system to the desired one-column process.  

 

Figure 4.2. PIL-mediated separation process for BuOH recovery from a 2 wt.% BuOH aqueous feed stream. Dashed lines indicate the 

absorption cycle, solid lines indicate the desorption cycle.  

Similar processes have been proposed involving macroporous polymers relying on solute 

adsorption rather than absorption.[3] Nielsen et. al. used Dowex L-493 to adsorb butanol selectively 

over acetone and ethanol, followed by vacuum-assisted desorption to regenerate the adsorbent.[4] 

A subsequent review of these processes expands on n-butanol recovery by various batch and semi-
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continuous processes involving integrated product recovery.  These include fixed-bed sorbents as 

well as simulated moving-bed processes wherein a saturated column is regenerated while a ‘fresh’ 

column takes over the solute sorption.[5,6] Although this was conceived for an adsorbent process, 

the PIL-absorbent based process illustrated in Figure 4.2 uses a heat-based desorption process and 

finishing distillation to produce 99.9 wt.% BuOH.    

Beyond the LLE decanter, the proposed separation train is analogous to that of the 

conventional process, with distillation capable of yielding a bottoms product of 99.9 wt.% BuOH 

and an overhead vapor of 55.5 wt.% BuOH, the latter being fed to the condenser along with vapor 

discharged from the PIL column. Note that since n-butanol/water desorption from the PIL is a batch 

process, while distillation is most commonly accomplished in a continuous mode, surge tanks are 

required to provide the liquid holdup needed to support the distillation unit.  These are omitted from 

the block diagram for the sake of clarity, and the discussion will focus on overall stream masses as 

opposed to flow rates. 

The design of a PIL-mediated separation process requires decisions to be made regarding 

the fermentation titer, the PIL composition, and the mass of polymeric absorbent relative to that of 

an aqueous solution, known as the phase fraction (F= 
𝑚𝑃𝐼𝐿

𝑚𝑎𝑞 + 𝑚𝐵𝑢𝑂𝐻
). The following analysis uses an 

aqueous phase mass of 100 g and a 2 wt.% butanol concentration, which is a typical cytotoxic limit 

for conventional fermentation processes, or 4 wt.%, which is more of an aspirational target for 

molecular biologists.[7–9] Selecting a PIL composition establishes the BuOH partition coefficient 

(PCBuOH) and BuOH/water selectivity (α) of the absorbent phase. Together with the chosen phase 

fraction, the partition coefficient determines the absorptive capacity of the packed bed, with higher 

F·PCBuOH values extending the reaction extent that will reach the cytotoxic BuOH concentration 

threshold; the greater the value of F·PCBuOH, the greater time between proposed column 

replacement.[10] While selectivity has little bearing on the BuOH absorption capacity, higher values 

are expected to have a positive impact on downstream separation efficiency. 
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The stream table (Table 4.1) provided for Figure 4.2 includes material balance equations 

(selected derivations in Appendix A) for a PIL-based separation process operating on an aqueous 

phase of fixed mass (100 g) and composition (2 wt.% BuOH or 4 wt.% BuOH).  The mass of PIL 

in the packed column is (F x 100 g) and the absorbent’s partition coefficient (PCBuOH) and selectivity 

(α) at the equilibrium conditions are known. These material balances relate PIL process design 

variables (F, PCBuOH and α) to the separation train outputs of interest, including the mass of aqueous 

phase discharged from the decanter (mDec) relative to the mass of the distillation column bottom 

product (mb).  Figure 4.3 illustrates relationships between design variables (F, PCBuOH and α) and 

separation process outputs (mDec, mB) for two different bioreactor titers (Figure 4.3a-c, 2 wt.% 

BuOH; Figure 4.3d-f, 4 wt.% BuOH ). 

 

Fermentation Broth PIL Absorption Desorption/Volatiles Decanter Effluent Bottoms Product 

𝑚𝑎𝑞 = 100 𝑔 𝑚𝑃𝐼𝐿
𝑝 = 𝐹 ∙ 𝑚 𝑎𝑞 𝑚𝑣 = 𝑚𝐵𝑢𝑂𝐻

𝑝 + 𝑚𝐻2𝑂
𝑝

 𝑚𝐷𝑒𝑐 = 𝑚𝑣 ∙
𝑤𝐵𝑢𝑂𝐻

𝐵 − 𝑤𝐵𝑢𝑂𝐻
𝑣

𝑤𝐵𝑢𝑂𝐻
𝐵 − 𝑤𝐵𝑢𝑂𝐻

𝐷𝑒𝑐  𝑚𝐵 = 𝑚𝑣 ∙
𝑤𝐵𝑢𝑂𝐻

𝑣 − 𝑤𝐵𝑢𝑂𝐻
𝐷𝑒𝑐

𝑤𝐵𝑢𝑂𝐻
𝐵 − 𝑤𝐵𝑢𝑂𝐻

𝐷𝑒𝑐  

𝑚𝑃𝐼𝐿 =  0 𝑔 𝑚𝐵𝑢𝑂𝐻
𝑃 =

𝐹 ∙ 𝑚𝑎𝑞 − 𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞 ∙ 𝑃𝐶𝐵𝑢𝑂𝐻

𝛼 − 𝑃𝐶𝐵𝑢𝑂𝐻 ∙ (𝑤𝐻2𝑂
𝑎𝑞 + 𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻

𝑎𝑞 )
 𝑚𝐵𝑢𝑂𝐻

𝑝
 𝑚𝐵𝑢𝑂𝐻

𝐷𝑒𝑐 =  𝑚𝐷𝑒𝑐 ∙ 𝑤𝐵𝑢𝑂𝐻
𝐷𝑒𝑐  𝑚𝐵𝑢𝑂𝐻

𝐵 =  𝑚𝐵 ∙ 𝑤𝐵𝑢𝑂𝐻
𝐵  

𝑚𝐵𝑢𝑂𝐻 =  2 𝑔 𝑚𝐻2𝑂
𝑃 =

𝐹 ∙ 𝑚𝑎𝑞 − 𝑤𝐻2𝑂
𝑎𝑞

∙ 𝑃𝐶𝐵𝑢𝑂𝐻

𝛼 − 𝑃𝐶𝐵𝑢𝑂𝐻 ∙ (𝑤𝐻2𝑂
𝑎𝑞 + 𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻

𝑎𝑞 )
 𝑚𝐻2𝑂

𝑃  𝑚𝐻2𝑂
𝐷𝑒𝑐 =  𝑚𝐷𝑒𝑐 ∙ 𝑤𝐻2𝑂

𝐷𝑒𝑐  𝑚𝐻2𝑂
𝐵 =  𝑚𝐵 ∙ 𝑤𝐻2𝑂

𝐵  

𝑤𝑃𝐼𝐿
𝑎𝑞 =  0 𝑤𝑃𝐼𝐿

𝑃 =
𝛼 − 𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂

𝑎𝑞 + 𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞 )

𝛼
    

𝑤𝐵𝑢𝑂𝐻
𝑎𝑞 =  0.02 𝑤𝐵𝑢𝑂𝐻

𝑝 = 𝑃𝐶𝐵𝑢𝑂𝐻 ∙ 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

 𝑤𝐵𝑢𝑂𝐻
𝑣 =  

𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞 + 𝑤𝐻2𝑂

𝑎𝑞  𝑤𝐵𝑢𝑂𝐻
𝐷𝑒𝑐 = 0.08 𝑤𝐵𝑢𝑂𝐻

𝐵 = 0.999 

𝑤𝐻2𝑂
𝑎𝑞 =  0.98 𝑤𝐻2𝑂

𝑝 =
𝑃𝐶𝐵𝑢𝑂𝐻 ∙ 𝑤𝐻2𝑂

𝑎𝑞

𝛼
 𝑤𝐵𝑢𝑂𝐻

𝑣 =  
𝑤𝐻2𝑂

𝑎𝑞

𝛼 ∙ 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞 + 𝑤𝐻2𝑂

𝑎𝑞  𝑤𝐵𝑢𝑂𝐻
𝐷𝑒𝑐 = 0.92 𝑤𝐵𝑢𝑂𝐻

𝐷𝑒𝑐 = 0.001 

Table 4.1. Stream table of material balance equations for Figure 4.2 
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Figure 4.3. Mass of distillation column bottom stream (mb) and decanter aqueous stream (mDec) as a function of separation process design 

variables: PIL/polymer phase fraction (F), butanol partition coefficient (KB), and selectivity (α). (a,b,c: 2 wt.% BuOH in bioreactor titre, 

d,e,f: 4 wt.% BuOH in bioreactor titre) 

Increasing the PIL phase fraction raises the absorptive capacity of the packed bed, thereby 

increasing mDec and mB in equal proportion (Figure 4.3a & d). Therefore, the selection of F is based 

on how frequently the packed column must be cycled out of the fermentation process to keep the 

broth concentration of BuOH below cytotoxic levels. While a single, large packed column can 

simplify operations by absorbing all of a batch bioreactor production, cycling several smaller 

columns can maintain a more consistent volatiles flow to the desorption separation train. 
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Increasing the BuOH partition coefficient has a similar effect as the phase fraction, raising 

both mDec and mb as a result of improved packed bed capacity (Figure 4.3b & e).  These relationships 

are not linear, however, indicating that improvements in PCBuOH can produce disproportionately 

higher absorption capacities.  The effect of BuOH/water absorption selectivity (αb/w) on the BuOH 

product stream (mB) is marginal at the conditions used in this analysis, with only small changes 

observed below α =30 (Figure 4.3c & f).  However, its impact on the aqueous decanter effluent 

(mDec) is pronounced, since water taken up by the PIL during the absorption cycle is diverted to this 

separation process stream.  Improving absorbent selectivity is a noteworthy pursuit, as it stands to 

reduce the size of unit operations as well as the associated energy costs. 

The benefit of using a biocatalyst with improved BuOH tolerance is revealed by a 

comparison of the 2 w% BuOH (Figure 4.3a,b,c) and 4 wt.% BuOH data (Figure 4.3d,e,f). Doubling 

the fermentation titer not only improves the bioreactor productivity twofold, it has a 

disproportionate effect on the efficiency of the separation train, as higher BuOH levels in the reactor 

aqueous phase increase the BuOH content in the PIL phase disproportionately, improving 

absorption selectivity and overall process efficiency.  

4.3 Ternary Phase Diagram and PIL Process Benchmarking 

P[(VC12-linIm)(Br)] has been identified as the most promising PIL absorbent amongst those 

prepared in this work. However, these thermodynamic data were derived from one overall PIL-

butanol-water composition that represents a single tie line on the PIL/BuOH/water phase diagram. 

Note that partition coefficients are not constant for a given system, but rather are dependent on 

phase compositions. Saturating a PIL absorbent with an aqueous BuOH solution establishes an LLE 

condition that can be described by equilibrium thermodynamic principles.  Equivalence of 

component chemical potentials between the polymer and aqueous phases yields the following 

relationships for both partition coefficients, 
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𝑃𝐶𝐵𝑢𝑂𝐻=
wB

polymer

w
B

aq =
ΩB

aq

ΩB
polymer  and  𝑃𝐶𝐻2𝑂=

ww
polymer

ww
aq =

Ωw
aq

Ωw
polymer 

where Ωi
aq

 and Ωi
polymer

are weight-fraction activity coefficients for the component at specified 

phase compositions. Given the need for more comprehensive equilibrium data to support process 

design work, a complete ternary phase diagram was generated for the P[(VC12-linIm)(Br)]/ BuOH / 

water system at 30°C and 1 atm pressure (Figure 4.4). 

 

Figure 4.4. Ternary LLE phase diagram for the P[(VC12-linIm)(Br)], BuOH, H2O system at 30 °C and 1 atm. All compositions are 

expressed as weight percent. 

Equilibrium data for the three binary pairs (PIL/BuOH, PIL/water, and BuOH/water) 

anchor key points on the ternary diagram. P[(VC12-linIm)(Br)]is miscible with butanol in all 

proportions, but it exhibits partial miscibility with water, yielding a PIL-rich phase comprised of 
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96 wt.% polymer in equilibrium with pure water. Butanol/water mixtures produce a liquid-liquid 

equilibrium (LLE) condition whenever overall BuOH contents fall between 7.7 wt.% and 79.9 

wt.%.  The ternary data show that, although BuOH-rich compositions produce homogeneous 

solutions, the water-rich compositions typical of TPPB operations yield an LLE envelope 

comprised of a PIL-rich organic phase and an aqueous phase comprised of only BuOH and water.    

Equipped with comprehensive thermodynamic data, the potential of a P[(VC12-linIm)(Br)]-

mediated BuOH recovery process can be assessed more thoroughly.  Saturating a PIL column 

loaded at a phase fraction of 0.25 with an aqueous phase containing 2 wt.% BuOH produces an 

LLE condition described by the (PCBuOH = 4.7, α = 79) tie line, whereas the use of 4 wt.% BuOH 

is characterized by the (PCBuOH =4.4 and α = 107) tie line (Figure 4.4). Subjecting these saturated 

PILs to the process illustrated in Figure 4.2 will generate the corresponding decanter effluent and 

distillation bottoms product.  The performance of P[(VC12-linIm)(Br)] is represented in the surface 

maps of mDec and mB plotted as functions of PCBuOH and α (Figure 4.5).  The data plotted show that 

a P[(VC12-linIm)(Br)] phase (F=0.25) with known KB and α absorbing from a 2 wt.% aqueous 

butanol solution will yield a mDec = 1.86 g, and mB = 2.63 g, while from a 4 wt.% aqueous butanol 

solution, a mDec = 1.36 g, and mB = 5.51 g respectively. In contrast, oleyl alcohol at a phase fraction 

of 0.25 saturated from an aqueous phase containing 2 wt.% BuOH will yield mDec = 0.68 g and mB 

=1.64 g, and 4 wt.% aqueous butanol phase will give mDec = 0.71 g and mB  = 3.58 g. Comparing 

the two sorbents at both conditions, P[(VC12-linIm)(Br)] will yield more pure butanol due to its high 

partition coefficient, yet the superior selectivity oleyl alcohol will minimize the mDec phase 

produced, agreeing with modelled data seen in Figure 4.3b,c,e, and f.  
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Figure 4.5. Surface maps of the butanol distillate bottom and decanter effluent stream masses as a function of PIL partition coefficient 

and selectivity at 2 wt.% and 4 wt.% initial aqueous phase concentrations and a polymer phase fraction (F) of 0.25. The green dots 

represent the PCBuOH and αb/w of P[(VC12-linIm)(Br)], and blue dots represent oleyl alcohol, at the specific initial n-butanol aqueous phase 

concentration (2 wt.% or 4 wt.%).  
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4.4 Effect of PIL Glass transition Temperature on Solute Desorption 

Despite the considerable potential of P[(VC12-linIm)(Br)] for the recovery of BuOH, the 

desorption process may be complicated by a high glass transition temperature. Although the Tg of 

dry PIL is 186 °C, plasticization by aqueous butanol solutions drops it below 30°C to facilitate 

solute uptake.  As desorption proceeds, removal of BuOH and water from the PIL eliminates these 

plasticizing agents, resulting in an increase in glass transition temperature.  When the polymer 

phase Tg approaches the temperature used in the absorption process, the diffusivity of small 

molecules in the matrix can decline by orders of magnitude, as the polymer transitions from a 

rubbery state to a leathery condition, and further to a glassy state.   

Isothermal thermogravimetric analysis of P[(VC12-linIm)(Br)] saturated with a 1 wt.% 

BuOH solution was conducted at three temperatures to generate the data plotted in Figure 4.6a.  

Since volatile compounds comprised 13.1 wt.% of the material, the complete removal of all BuOH 

and water from the PIL would reduce the sample mass to 86.9 wt.%.  However, this lower limit 

was not reached at moderate desorption temperatures.  Maintaining the sample at 50 °C resulted in 

a relatively low mass loss rate that diminished greatly at the 92 wt.% mark, while 100 °C could 

only bring the sample to an 88 wt.% plateau. Complete desorption was only observed at 150 °C, 

which produced a plateau of 87 wt.% within 60 minutes.  
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Figure 4.6. Isothermal desorption monitored by thermogravimetric analysis of equilibrated (a) P[(VC12-linIm)(Br)  and (b) PEBAX 2533, 

from a 1 wt.% n-BuOH solution. 

Figure 4.6b illustrates desorption from PEBAX 2533, a polyether-block-amide 

thermoplastic elastomer with an absorptive soft segment that has a Tg of -84 °C, and a polyamide 

block with reported Tg of 41 °C. Therefore, complete desorption from PEBAX 2533 requires an 

isothermal desorption temperature greater than 41 °C. The data plotted in Figure 4.6b confirm that 

quantitative removal of volatiles from the block copolymer is accomplished at 50, 100, and 150 °C, 

reaching the anticipated 86 wt.% plateau in all experiments. 

The study into the role of glass transition temperature on the desorption of butanol and 

water from P[(VC12-linIm)(Br)] has yielded significant results, demonstrating that the process can 

be limited by the sensitivity of a PILs Tg to solute concentration. Investigation into the composition 

of the absorbed liquid-phase’s composition might provide further insights into the plasticization 

effect, yet the development of a PIL with a dry Tg approaching 70 °C may be a more fruitful pursuit.  
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Chapter 5 

Reactive Extraction of Succinic Acid by Polymeric Ionic Liquids 

5.1 Introduction 

 Succinic acid is a 1,4-diacid of considerable industrial importance that can be produced by 

fermentation using anaerobic bacterial strains. While biochemical methods are well established, 

cost-effective recovery of succinic acid from dilute aqueous solution is a subject of ongoing 

research. Recent reviews on the subject have detailed technologies that are used commercially as 

well as those under development.[1–5] Briefly, fermentation media are generally clarified to remove 

cellular matter before being subjected to primary succinic acid recovery. This often takes the form 

of a precipitation process to yield an alkaline earth metal succinate salt, which is subjected to further 

purification by recrystallization. Although the reagents involved in this class of isolation processes 

are inexpensive, product losses can be significant, and acidification is required if the acid form is 

desired.  A primary objective of the present work is to assess the potential of an alternate approach 

based on PIL chemistry. 

 Control of pH during the bioproduction of succinic acid is a secondary objective of the 

present work. The conventional approach to maintaining a constant pH involves the use of 

appropriate buffer systems in combination with periodic additions of alkali metal hydroxide that 

are administered with a feedback control loop. While these methods are highly effective in keeping 

pH from declining below ~ 6.0, they increase the ionic strength of the medium and do not facilitate 

succinic acid removal. Coupling pH control with ISPR could support the prolonged production of 

cytotoxic carboxylic acids,[5] simplify process operations, and improve product recovery efficiency.  

Instead of adding caustic to the fermentation broth in response to succinic acid production, the 

aqueous solution would be circulated through a packed bed of a cationic polymer bearing hydroxide 

counter anions.  This would neutralize a fraction of the succinic acid in solution, based on its 
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ionization (pKa1= 4.2, pKa2 = 5.6), sequestering it within the polymer phase as a carboxylate salt 

while raising the solution pH.[6] 

 Proof of the ISPR concept for succinic acid recovery was gained by a study of an expanded-

bed absorption system equipped with a hydroxide-functionalized anion-exchange polymer. This 

equipment provided a four-fold increase in fermentation time and succinic acid titer for an A. 

Succinogenes biocatalyst.[7]  The challenge associated with this technology is to prepare a 

polycation that is stable under the strongly basic conditions used to generate the hydroxide salt.  

Decomposition of ammonium and imidazolium hydroxides by a range of pathways is well 

documented, leading to the possibility of decreased succinic acid recovery by a PIL over time.[8] 

 As described in Chapter 3, P[(VC12-linIm)(Br)] is effective at absorbing n-butanol from 

dilute aqueous solution, due to its amorphous structure and a thermodynamic affinity for butanol 

versus water. Given the knowledge gained regarding its preparation and phase behavior, this 

polymer was selected as the starting material for a hydroxide-functionalized PIL.[9] As a proof-of-

concept, a hydroxide functionalized PIL was synthesized and its absorptive capacity assessed to 

assess its potential as a succinic acid extractant.  

5.2 Results and Discussion 

5.2.1 Anion Exchange Reaction(s) 

 Anion exchange reactions of functionalized PILs has been widely reported, but PILs 

bearing hydroxide anions have received comparably little attention.  One synthetic approach 

involves polymerization of a hydroxide functionalized IL prepared by anion metathesis of the 

corresponding halide salt.[10]  However, the potential instability of IL monomers at polymerization 

temperatures is a significant concern.  Therefore, the synthesis developed by Elabd et al. involving 

halide displacement from a PIL starting material was adopted, as detailed in Chapter 2.7.1.[8]  

P[(VC12-linIm)(Br)x(OH)y] was prepared from the corresponding bromide salt in 1:1 

isopropanol/water solution of KOH, yielding a water-soluble KBr byproduct.  Excess KOH and 
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residual KBr in the swelled PIL was removed by washing with DI water until the solution pH 

stabilized.[11] Titrating a suspension of the PIL with 0.1 M HCl yielded a hydroxide content of 58 

mol.%, corresponding to a composition of P[(VC12-linIm)(Br)0.42(OH)0.58]. Conversion of bromide 

to hydroxide was likely limited due to a combination of steric effects and ion-exchange equilibria.  

 The stability of P[(V12-linIm)(Br)]/ P[(VC12-linIm)(Br)x(OH)y] was a potential complication 

in the regeneration of the material after succinic acid uptake. Prolonged exposure of imidazolium 

hydroxide ILs and PILs exposure to heat (80°C) or base ([KOH] > 2M, 25 °C) leads to ring-opening 

by nucleophilic attack of hydroxide at the C(2) position (α with respect to both nitrogen atoms), 

analogous to the direct nucleophilic displacement of α-carbons in the degradation of quaternary 

ammonium salts.[8,12] In light of these possible degradation pathways, P[(VC12-linIm)(Br)x(OH)y] 

was monitored by 1H-NMR for degradation products owing to the ring-opening of imidazolium. 

5.2.2 Reactive Extraction of Succinic Acid by P[(V12-linIm)(Br)x(OH)y] 

 The primary mechanism of succinic acid sorption by the polymer is an acid-base reaction 

of the PIL hydroxide counter-anion with succinic acid, forming the PIL succinate salt, as outlined 

in Scheme 5.1. Although non-reactive absorbent mechanisms can take hours to reach a liquid-liquid 

equilibrium, acid-base reactions are considered instantaneous. Nevertheless, chemisorption 

involving P[(VC12-linIm)(Br)x(OH)y] was given 24 hours to equilibrate to allow for diffusion of 

succinic acid into the swollen PIL and to allow for further non-reactive anion exchange between 

succinate and hydroxide at higher pH.[13–17] Note that the PIL absorbed 7 wt% when immersed in 

water, yielding a plasticized material that was rubbery at room temperature.  

 

Scheme 5.1. Acid-base reaction between PIL hydroxide and succinic acid. 
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 The position of an acid-base equilibrium is a function of the pKa’s of the reactants as well 

as their solution concentrations.[6] Predicting the equilibrium product distribution in this system is 

complicated by its biphasic nature since the polycation constitutes a distinct phase from the aqueous 

medium.  In the case of a PIL hydroxide salt, the reaction is between a strong base and a weak 

organic acid, so the expectation is that succinic acid neutralization will be highly favorable, and 

residual succinic acid concentrations will be strongly affected by even small amounts of polymer. 

This is confirmed by the data illustrated in Figure 5.1, which is plotted as the phase fraction of 

P[(VC12-linIm)(Br)x(OH)y] against solution pH and succinic acid concentration, all derived from an 

initial 2.5 g/l acid solution.  

 

  

Figure 5.1. Reactive extraction (chemisorption) of succinic acid via P[(VC12-linIm)(Br)x(OH)y] at varying polymer phase 

fractions. (pH plotted in black-filled circles, [SA] plotted in black-filled diamonds, hydroxide conversion to succinate plotted in 

open circles). 
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 At a polymer phase fraction of 0.0111 (1.11 wt.%), corresponding to a nearly equimolar 

solution (1.044 mol OH- per mole SA), the succinic acid concentration had dropped to under 10 % 

of its original concentration (0.246 g L-1 from 2.5 g L-1).  The conversion of hydroxide to succinate 

in the PIL was found to be 76 % through a polymer phase fraction of 0.0148 (1.392 mol OH- per 

mole SA). Note, however, that a key assumption in the determination of hydroxide conversion was 

the equimolar exchange of hydroxide to succinate; where for each succinate absorbed, one 

hydroxide is desorbed. However, this might not be the case as succinic acid has the ability to 

convert two hydroxides per equivalent of diacid depending on pH. Therefore, the calculated 

hydroxide conversions seen in Figure 5.1 is the minimum hydroxide conversion.  

 Shifting the PIL loading to a phase fraction of 0.0148 resulted in the complete 

chemisorption of succinic acid from solution. As expected, hydroxide conversion decreased 

correspondingly as an excess of hydroxide was introduced to the system, further increasing the pH 

to a maximum of 9.12 from the initial value of 2.95. It should be noted that the reactive extraction 

process dominates at low pH, primarily when pH < pKa1 , while at higher pH hydrophobic ionic-

exchange may occur between succinate and hydroxide. Studies by Li et. al. and Hepburn et. al. 

both support this conclusion, that as pH  > pKa2 (5.6), the absorptive capacity of succinic acid drops 

dramatically, due to low concentration in succinic acid in the aqueous solution.[17,18] 

 This is significant considering that most sorbent polymers have a capacity less than 0.05 

grams succinic acid per gram polymer, while P[(VC12-linIm)(Br)x(OH)y] at a 58 % hydroxide 

functionality, had a succinic acid capacity of 0.20 g g-1 at a sorbent phase fraction of 0.0144, and 

initial succinic acid concentration of 2.5 g L-1. A comparison of succinic acid capacities for different 

reactive polymers is provided in Table 5.1 along with the conditions used in each experiment. 

Acknowledging that test conditions have a significant effect on the equilibrium condition of a 

reactive system, is clear that the hydroxide counter anion in P[(VC12-linIm)(Br)x(OH)y] is at least as 

effective as the systems that have been explored to date.  
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Sorbent Reactivity [SA] (g L -1) F SA Capacity (g g-

1) 

Ref. 

P[VC12-linIm)(Br)x(OH)y] Hydroxide 2.5  

0.0037 0.11 This work 

0.0074 0.17 This work 

0.011 0.20 This work 

ADOH 323 Amine 

35 0.02 0.45 [6] 

4.25 0.3 0.01 [6] 

34 0.3 0.11 [6] 

NERCB 9 Weak base 5 0.25 0.11 [17] 

Reilex 425 Pyridine 5 0.1 0.08 [16] 

Dowex MWA-1 Amine/ammonium 3.14 0.1 0.06 [16] 

XUS 40285 Weak base 3.48 0.1 0.06 [16] 

XUS 40323 Strong base 5 0.1 0.04 [16] 

XUS 40196 Strong base 5 0.1 0.02 [16] 

XAD-4 Weak base  5 0.1 0.04 [16] 

XAD-7 Weak base 5 0.1 0.04 [16] 

AG-1* Ammonium 5 0.1 0.03 [16] 

Table 5.1. Comparison of succinic acid capacities of reactive sorbent polymers at various initial succinic acid concentrations and polymer 

phase fractions. 

5.2.3 Reusability of P[(VC12-linIm)(Br)x(OH)y]  

 Having shown that the reactive extraction of succinic acid from an aqueous solution can 

be accomplished using polymer phase fractions as low as 2 wt.%, PIL regeneration and reuse of 

the material were investigated. At polymer phase fractions (F) of 0.111, 0.148, and 0.0185, the 

equilibrated PIL was regenerated to P[(VC12-linIm)(Br)x(OH)y] using a procedure previously 

detailed in Section 2.7.3.  It was then titrated to determine the degree of hydroxide functionalization 

before adding to a 2.5 g L-1 succinic acid solution for 24 hours.  This was repeated for a total of 

three chemisorption/regeneration cycles to generate the data plotted in Figure 5.2. 
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Figure 5.2. Repeated sorption cycles for the reactive extraction of succinic acid from a 2.5 g L-1 aqueous solution using P[(VC12-

linIm)(Br)x(OH)y] at polymer phase fractions of 0.0111, 0.0148, and 0.0185. 

 

 Small deviations in the total succinic acid extracted are within experimental error, as are 

differences in the extent of hydroxide functionalization achieved in each cycle.  Note that the 

P[(VC12-linIm)(Br)x(OH)y] composition realized in cycles 1, 2 and 3 were 58% hydroxide, 52% 

hydroxide, and 53% hydroxide, respectively.  This is a promising result, but further studies of the 

long-term stability of the PIL is required before it is declared suitable for a commercial process. 

5.3 Conclusion and Recommendations for Future Work 

 A hydroxide-functionalized PIL is an attractive option for the chemisorption of succinic 

acid from dilute aqueous solutions, as it provides high absorption capacity at very low phase 

fraction and is regenerated using inexpensive acids and bases. Employing a strongly basic anion 

over weaker bases such as amines increases the potency of the absorbent, such that pH control of a 

fermentation medium is a possibility.  
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Chapter 6 

Recommendations for Future Work 

 The investigation into structure-property relationships, particularly that of alkyl substituent 

and counter-anion effect on the PCBuOH, αb/w, crystallinity, and Tg proved insightful, yet can be 

further expanded to determine an optimal PIL composition for the ISPR of n-butanol. Most PILs 

synthesized are homopolymers, however, copolymerization of various IL monomers may allow for 

a balance of resulting properties. One possible example is the copolymerization of  [VC12-linIm][Br] 

and [VC16-linIm][Br], as it may prove useful towards the elimination of semi-crystalline domains at 

standard TPPB temperatures, with the objective of increasing partition coefficient and selectivity 

of the material when compared to the respective homopolymers.  

 The investigation into a proposed PIL-mediated n-butanol recovery process was 

particularly fruitful, exemplifying the importance of process-specific considerations such as 

polymer phase fraction, PC and α, feed concentration, and Tg, towards the recovery of specific 

yields of product. The next logical step would be the experimental development of such a process 

to validate the recovery of n-butanol. However, an investigation into the reusability of P[(VC12-

linIm)(Br)] must be first completed to determine potential metathesis of counter-anions with the 

fermentation broth, as well as thermal stability towards repeated heating.  

 With regards to the reactive extraction of succinic acid using a hydroxide functionalized 

PIL, investigation towards the chemical and thermal stability of P[(VC12-linIm)(Br)x(OH)y] over 

repeated extractions and regenerations must be completed, as hydroxide-functionalized PILs are 

known to be unstable over time under basic and or high-temperature conditions. If stable, the 

reactive extraction of succinic acid in fermentation broths should be explored, leading up to the pH 

control of a fermentation medium. However, if unstable, promising alternatives are available such 

as bicarbonate-functionalized PILs that may allow for reactive extraction.  
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Appendix A 

Equations for Phase Partitioning of Unreactive Solutes 

Legend: 

𝑚𝐵𝑢𝑂𝐻
𝑝

= mass of butanol in polymer phase 𝑚𝐻2𝑂
𝑝

= mass of water in polymer phase 

𝑚𝐵𝑢𝑂𝐻
𝑎𝑞

= mass of butanol in aqueous phase 𝑚𝐻2𝑂
𝑎𝑞

= mass of water in aqueous phase 

Partition Coefficient = 𝑃𝐶𝑥 = 
𝑚𝑥

𝑝

𝑚𝑥
𝑝

+𝑚𝑥
𝑎𝑞 𝛼 = 

𝑃𝐶𝐵𝑢𝑂𝐻

𝑃𝐶𝐻2𝑂
 

𝐹 =  
𝑚𝑝

𝑡𝑜𝑡𝑎𝑙

𝑚𝑎𝑞.
𝑡𝑜𝑡𝑎𝑙 = polymer phase fraction 

 

Selected Derivations of Mass Balance Equation Pertaining to Table 4.1. 

    𝑤𝑃𝐼𝐿
𝑃 =

𝑚𝑃𝐼𝐿
𝑃

𝑚𝑃𝐼𝐿
𝑃 +𝑚𝐵

𝑃+ 𝑚𝑊
𝑃  

 

 = 
𝐹𝑚𝑎𝑞

𝐹𝑚𝑎𝑞+
(𝛼𝐹𝑚𝑎𝑞𝑤𝐵

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻)

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝑊
𝑎𝑞

+ 𝛼𝑤𝐵
𝑎𝑞

)
+

(𝛼𝐹𝑚𝑎𝑞𝑤𝑊
𝑎𝑞

𝑃𝐶𝐵𝑢𝑂𝐻)

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝑊
𝑎𝑞

+ 𝛼𝑤𝐵
𝑎𝑞

)

 

 

 = 
𝛼−𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂

𝑎𝑞
+ 𝛼∙𝑤𝐵𝑢𝑂𝐻

𝑎𝑞
)

𝛼∙𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂
𝑎𝑞

+ 𝛼𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

)+𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻+𝑤𝐻2𝑂
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻
 

 

 = 
𝛼−𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂

𝑎𝑞
+ 𝛼𝑤𝐵𝑢𝑂𝐻

𝑎𝑞
)

𝛼
 

 

  𝑤𝐵𝑢𝑂𝐻
𝑝

=  
𝑚𝐵𝑢𝑂𝐻

𝑝

𝑚𝑃𝐼𝐿 + 𝑚𝐵𝑢𝑂𝐻
𝑝

+ 𝑚𝐻2𝑂
𝑝  

  = 

𝐹∙𝑚𝑎𝑞−𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻∙(𝑤𝐻2𝑂
𝑎𝑞

+𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

)

𝐹∙𝑚𝑎𝑞+
𝐹∙𝑚𝑎𝑞−𝛼∙𝑤

𝐵𝑢𝑂𝐻
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻∙(𝑤𝐻2𝑂
𝑎𝑞

+𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

)
+

𝐹∙𝑚𝑎𝑞−𝑤𝐻2𝑂
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻∙(𝑤𝐻2𝑂
𝑎𝑞

+𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

)

 

 = 
𝛼∙𝑤𝐵𝑢𝑂𝐻

𝑎𝑞
∙𝑃𝐶𝐵𝑢𝑂𝐻

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻∙(𝑤𝐻2𝑂
𝑎𝑞

+𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

)+ 𝛼∙𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻+𝑤𝐻2𝑂
𝑎𝑞

∙𝑃𝐶𝐵𝑢𝑂𝐻
 

 = 𝑤𝐻2𝑂
𝑎𝑞

∙ 𝑃𝐶𝐵𝑢𝑂𝐻  
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   𝑤𝐻2𝑂
𝑝

=  
𝑚𝐻2𝑂

𝑝

𝑚𝑃𝐼𝐿 + 𝑚𝐵𝑢𝑂𝐻
𝑝

+ 𝑚𝐻2𝑂
𝑝  

 = 𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

∙ 𝑃𝐶𝐻2𝑂 

 

      𝑚𝐵
𝑃 = 𝑤𝐵

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻 (𝑚𝑃𝐼𝐿 + 𝑚𝐵

𝑃 +
𝑤𝑊

𝑎𝑞
𝑃𝐶𝐻2𝑂(𝑚𝑃𝐼𝐿+𝑚𝐵

𝑃)

1−𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂
) 

 

 = 
𝑤𝐵

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻(𝑚𝑃𝐼𝐿(1−𝑤𝑊

𝑎𝑞
𝑃𝐶𝐻2𝑂)+𝑚𝐵

𝑃(1−𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂)+𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂𝑚𝑃𝐼𝐿+𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂𝑚𝐵
𝑃)

1−𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂
 

             = 
𝑤𝐵

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻

1−𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂
(𝑚𝑃𝐼𝐿 + 𝑚𝐵

𝑃) 

 = 
𝑚𝑃𝐼𝐿𝑤𝐵

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻

(1−𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂)−𝑤𝐵
𝑎𝑞

𝑃𝐶𝐵𝑢𝑂𝐻
 

 

∴ 𝑚𝑊
𝑃 =

𝑚𝑃𝐼𝐿𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂

(1 − 𝑤𝑊
𝑎𝑞

𝑃𝐶𝐻2𝑂) − 𝑤𝐵
𝑎𝑞

𝑃𝐶𝐵𝑢𝑂𝐻

 

 

      𝑚𝑉 = 𝑚𝐵𝑢𝑂𝐻
𝑃 + 𝑚𝐻2𝑂

𝑃  

 = 
(𝛼𝐹𝑚𝑎𝑞𝑤𝐵𝑢𝑂𝐻

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻+𝐹𝑚𝑎𝑞𝑤𝐻2𝑂

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻)

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂
𝑎𝑞

+𝛼𝑤𝐵
𝑎𝑞

)
 

 = 
𝐹𝑚𝑎𝑞𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂

𝑎𝑞
+ 𝛼𝑤𝐵𝑢𝑂𝐻

𝑎𝑞
)

𝛼−𝑃𝐶𝐵𝑢𝑂𝐻(𝑤𝐻2𝑂
𝑎𝑞

+ 𝛼𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

)
 

 

     𝑤𝐵
𝑉 =

𝑚𝐵
𝑃

𝑚𝐵
𝑃+𝑚𝑊

𝑃  

 = 
𝛼𝐹𝑚𝑎𝑞𝑤𝐵𝑢𝑂𝐻

𝑎𝑞
𝑃𝐶𝐵𝑢𝑂𝐻

𝛼𝐹𝑚𝑎𝑞𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

𝑃𝐶𝐵𝑢𝑂𝐻+𝐹𝑚𝑎𝑞𝑤𝐻2𝑂
𝑎𝑞

𝑃𝐶𝐵𝑢𝑂𝐻
 

 = 
𝛼𝑤𝐵𝑢𝑂𝐻

𝑎𝑞

𝛼𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

+𝑤𝐻2𝑂
𝑎𝑞  

 

      𝑤𝑊
𝑉 =

𝑚𝐻2𝑂
𝑃

𝑚𝐵𝑢𝑂𝐻
𝑃 + 𝑚𝐻2𝑂

𝑃  

 = 
𝑤𝐻2𝑂

𝑎𝑞

𝛼𝑤𝐵𝑢𝑂𝐻
𝑎𝑞

+𝑤𝐻2𝑂
𝑎𝑞  


