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Abstract 

Materials have been developed that encapsulate a homogeneous catalyst and enable it to operate 

as a heterogeneous catalyst in water. A hydrophobic ionic liquid within the material was used to 

dissolve Fe-TAML and keep it from leaching into the aqueous phase. One-pot processes were used to 

entrap Fe-TAML in basic ionic liquid gels, and ionic liquid gel spheres structured via a modified 

Stöber synthesis forming SiO2 particles of uniform size. Catalytic activity was demonstrated via the 

oxidative degradation of dyes. Fe-TAML entrapped in a basic ionic liquid gel exhibited consistent 

activity in five recycles. This discovery of heterogenized H2O2 activators prepared by sol-gel and 
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Stöber processes opens new possibilities for the creation of engineered catalytic materials for water 

purification.  

Keywords: Ionic liquid gel, Ionic liquid silica spheres, Stöber particles, Sol-gel, Fe-TAML, Water 

purification. 

Table 1: Ionic liquids used in this study (top) and the structure of Fe-TAML (bottom). 

G1 G2 Silica Spheres 

   

                                                                               

 

 

 

Introduction  

Access to clean water is a human necessity.1 Worldwide, 80 % of wastewater is released into the 

environment without treatment.2 Water pollution is an increasing problem with, for example, 

[P6,6,6,14][OH] [N3,3,3,3][OH] 

Fe-TAML  

(TAML = tetraamidomacrocyclic ligand)  

 

[P6,6,6,14][OiPr] 

[BMMIM][NTf2] [BMMIM][NTf2] [P6,6,6,14][C8SO4] 
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pharmaceuticals and illegal drugs detected in rivers.3,4 This is a concern for human and animal 

health.5,6 Oxidative degradation of organic pollutants can render water safer. This is broadly 

achieved biocatalytically,7 but with certain pollutants this is hindered by toxicity.8,9,10 Immobilization 

can help combat this, but can be difficult to achieve.11 An alternative solution is to use synthetic 

biomimetic catalysts which can be more robust and promiscuous than their natural counterparts. Fe-

TAML (TAML = tetraamidomacrocyclic ligand, Table 1) is a peroxidase mimic that effectively activates 

H2O2 to catalytically degrade persistent organic pollutants to non-toxic products,12,13,14,15,16 TAML 

catalysts have been shown to be nontoxic by low dose/concentration assays.15,17,18 

Our study focuses on removal of dyes from water. Dyes are not just a mimic for the pollutants 

mentioned above, but in drinking water can exhibit genotoxicity19 and mutagenicity.20 Treatment of 

colored effluent contaminated with dyes decreases toxicity and increases water quality.11 Fe-TAML 

has been successfully applied on a large scale to remove the colored impurities in a pilot plant at the 

Tasman Mill in New Zealand21 and has therefore been selected for this study.  

Despite the high activity and negligible toxicity of Fe-TAML the operation of any catalyst dissolved in 

water means that ultimately the catalyst will also become a pollutant. Here we detail a method of 

heterogenizing a homogeneous catalyst that allows it to operate in water but avoids dissolving it in 

water. The Fe-TAML used here is the prototype, TAML design has recently advanced to New-

TAMLs.17 The top performer is 100-1000 times more efficacious.  

The development of a solid-supported heterogeneous Fe-TAML would increase the ease of use and 

in particular reuse. Previously Fe-TAML was covalently tethered to mesoporous silica.22,23 Here we 

report the entrapment of unmodified Fe-TAML in an ionic liquid gel and ionic liquid silica particles 

(Figure 1). These methods enable homogeneous operation of the catalyst, but as part of a material 

that is easy to separate, recycle and process. An important advantage of entrapment is that it 

doesn’t require chemical modification of the catalyst, this enables use of the optimised catalyst.24  
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Tuning the environment of a heterogeneous catalyst is a powerful way to improve the efficiency of 

the active site. Ionic liquids are ideal for this as they are known for their tuneable properties which 

can be selected by systematic alteration of the ionic liquid structure. Ionic liquids (ILs) have been 

shown to be viable and economical in industry. In PetroChina’s “Ionikylation” process.25,26 and 

Chevron and Honeywell UOP’s ISOALKYL process, ionic liquids replace HF and H2SO4.27,28 Evonik 

demonstrated that ionic liquids immobilized on silica are readily recycled.29 Heterogeneous 

supported ionic liquids (SILPs) were economically evaluated for hydroformylation, and outperformed 

the homogeneous process.29 The uses of ionic liquids described above suggest that ionic liquids 

could be economical for water purification on a large scale. Bulk ionic liquids have been used to 

absorb impurities from water30,31,32 but the separation of the ionic liquid from water was not facile. 

Supporting the ionic liquid on a solid enables easier separation. Ionic liquids form stable silica gels by 

sol-gel methods,33,34,35 which can be tuned by altering the ionic liquid structure. Species such as 

nanoparticles and metal complexes can be co-entrapped within the gels.36,37,38 Ionic liquid gels have 

been applied to a variety of catalytic applications,36,37,38 and can impart acidic39 or basic40,41 

properties. In some cases the catalyst is further activated by the gel environment.37,38 This may be 

the combination of confinement effects, high local concentrations of the catalyst and substrates in 

the gel, and ionic liquid specific effects. Ionic liquid gel materials have been reported in which no 

catalyst leaching is detected, and the catalyst could be reused with little or no decrease in 

activity.36,37,38,39,41 Cu-TEMPO entrapped in ionic liquid gels that are stable to oxidative conditions (at 

50 °C) have been reported.42 These gels catalysed the selective oxidation of primary alcohols to 

aldehydes. The stability and activity of the gels was solvent dependent, this highlights the need for 

careful ionic liquid selection.  
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Figure 1: Schematic comparison of catalyst immobilization methods. (A) Tethering within the pores 

of a solid matrix; (B) Entrapment within an ionic liquid gel.  

The reduction of extraneous materials is one of the principles of green chemistry and should be built 

into new catalyst syntheses.43 Brønsted acidic or basic ionic liquids enable the ‘autocatalyzed’ sol-gel 

process, because the ionic liquid acts as the solvent and the catalyst for gel formation.39,40,41,44 This 

removes the need for additional acid or base. When considering the entrapment of Fe-TAML, the 

optimum ionic liquid to catalyse the sol-gel process was judged to be basic, as this catalyst works 

best in a basic environment.13,45 The base catalysed sol-gel process can lead to mechanically unstable 

gels46 with low porosity due to the sol-gel process occurring too quickly.47 However, the high 

viscosity of basic phosphonium hydroxide ionic liquids can be exploited to slow down the sol-gel 

process and allow the formation of stable basic gels with good porosity.40 Combining a hydrophobic 

ionic liquid with a basic ionic liquid enhances the stability of the gels and prevents leaching.41 Long-

chain phosphonium ionic liquids, such as tetradecyltrihexylphosphonium octanesulfonate 

([P6,6,6,14][C8SO3], Table 1), have been found to be highly hydrophobic in nature and confer good 

phase behaviour as an immiscible phase with water.48 These ionic liquids were chosen as 

components of our Fe-TAML entrapped basic ionic liquid gels.  

An advantage of the sol-gel method is that it can be adapted to form layers and differently shaped 

particles, such as spheres. The Stöber synthesis of silica nanoparticles traditionally uses NH3 to 

catalyse the sol-gel formation of silica spheres.49,50 Ionic liquid doped porous silica spheres were 

reported by Jacob et. al., using HCl as a catalyst for silica formation.51 Ionic liquid silica nanomaterials 

Ionic Liquid 

Silica 

Catalyst 

Covalent Linker 

A B 
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have since been prepared using surfactants with acids52 or bases.53,54 A mixture of non-ionic 

surfactant, 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) and benzene formed silica 

spheres without acid or base over three days; with two days of heating in an oven.55 The preparation 

of ionic liquid entrapped in polystyrene spheres by evaporation of volatile solvent from an emulsion 

has been reported.56 Here we report the formation of ionic liquid silica spheres from a basic ionic 

liquid by a modified Stöber synthesis. 

Water remediation has been achieved using poly-ionic liquids,57,58,59 ionic liquid gels,60,61,62,63 ionic 

liquid grafted silica spheres,64 and hollow carbon spheres,65 which have been reported to remove 

dyes from water simply via absorption. Some of these systems can be recycled 15 times or 

more,60,61,62 however they have some drawbacks. They are often specific to certain dyes based on 

structure or charge. The materials also retain the dye in their structure, raising the possibility of 

contaminant leaching and requiring disposal of the contaminated material once it is saturated. This 

is illustrated by the recent report of a deep eutectic solvent gel made from naturally derived 

components.66 The gel exhibited a high removal efficiency for a range of individual dyes over 10 

cycles. When tested with a mixture of dyes the removal efficiency decreased after reuse as the dyes 

competed for the absorption sites.66 A more powerful method of cleaning water would be to absorb 

then degrade the contaminant. Here we report a water bleaching process through a combination of 

dye absorption and catalytic degradation.  

Results and Discussion 

Catalyst preparation and characterisation 

Ionic liquid gels  

Fe-TAML binary ionic liquid gels (Tables 1, 2) were prepared in a one-pot method without the need 

for an additional acid or base catalyst (SI section 3). We have previously found that mixed ionic liquid 

silica gels have better mechanical and chemical stability than pure basic ionic liquid silica gels41 and 
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the right binary ionic liquid mixture facilitates sufficiently strong interactions with the matrix and 

negates leaching. The gel matrix has been reported to retard base catalysed decomposition of the 

ionic liquid cation.40,41 The ionic liquid combinations used were 1-butyl-2,3-dimethylimidazolium 

bistriflimide : trihexyltetradecylphosphonium hydroxide  ([BMMIM][NTf2]:[P6,6,6,14][OH]) (for G1) and 

trihexyltetradecylphosphonium octanesulfonate : trihexyltetradecylphosphonium i-propoxide 

([P6,6,6,14][C8SO3]:[P6,6,6,14][OiPr]) (for G2) (Tables 1, 2). G1 and G2 were formed as translucent orange 

gels whereas gels prepared without Fe-TAML were colorless (SI Figure S1).  

The yield based on the mass of all added components was greater than 90 % (SI section 3.1). G2 had 

a higher Fe-TAML content than G1 (Table 2). This may result from better dissolution of the Fe-TAML 

in the [P6,6,6,14][C8SO3]:[P6,6,6,14][OiPr] solvent system. G1 was found to have a larger surface area but a 

lower pore size than G2 using Brunnauer-Emmett-Teller (BET) theory and Barrett-Joyner-Halenda 

(BJH) theory (Table 2). Both gels exhibited type IV BET isotherms characteristic of mesoporous 

materials (SI Figures S14, S17).67 G1 had an H2 hysteresis loop (SI Figure S14) making the pore shape 

difficult to determine. G2 had an H3 hysteresis loop (SI Figure S17) which can indicates aggregates 

and slit like pores.67 Differences in silica structure upon changing the ions are expected as the ionic 

liquid has a templating effect in addition to the catalytic effect of the basic anion. In ongoing work it 

will be instructive to study the relationship between gel morphology, rheology, and catalytic 

performance. By TGA (Table 2SI Figures S10, S11) G2 exhibited a higher degradation temperature 

than G1. Binary alkoxide ionic liquids with a common cation have previously been reported to have 

similar thermal stability to each other regardless of the amount of basic anion they contained.68 The 

higher thermal stability measured for G2 is likely to result from the higher stability of 

[P6,6,6,14][C8SO3]48 compared to [BMMIM][NTf2].69 This good thermal stability should render basic gels 

of this type applicable to catalytic reactions at elevated temperatures and are therefore promising 

for the development of new oxidation catalysts for fine chemical synthesis, as observed for the basic 

ionic liquid gels used previously to promote hydrogen borrowing reactions at 150 °C.41  
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Table 2: Iron content, thermal stability, and structural properties of ionic liquid silica gels G1 and G2. 

Entry Gela Basic IL Hydrophobic IL Iron 

Content 

(Wt %)b 

TAML 

Anion 

Content 

(Wt %)c 

TGA 

(°C)d 

BET 

Surface 

Area 

(m2/g) 

BJH 

Pore 

Size 

(nm) 

1 G1 [P6,6,6,14][OH] [BMMIM][NTf2] 0.03 0.24 325 373.2 7.2-8.3 

2 G2 [P6,6,6,14][OiPr] [P6,6,6,14][C8SO3] 0.16 1.27 349 308.1 8.7-10.9 

a Basic IL (0.5 mL), Hydrophobic IL (0.5 mL), TEOS (1 mL), Fe-TAML (6 mg). b Measured by ICP/OES. c 

Calculated based on the molecular weight of Fe (55.84 gmol-1) and the TAML anion (444.26 gmol-1). d 

Onset degradation temperature.   

Ionic liquid silica spheres 

Ionic liquid silica spheres (Figure 2) were prepared by modifying the method of Jacob et. al.,51 who 

used a hydrophobic ionic liquid ([BMIM][PF6]) as the solvent and HCl as the catalyst. The catalyst and 

solvents used here were basic ionic liquid [N3,3,3,3][OH] (Tetrapropylammonium hydroxide) and 

hydrophobic ionic liquid 1-butyl-2,3-methylimidazolium bistriflimide ([BMMIM][NTf2]) (SI section 

3.3). In addition to the silica precursor TEOS, (Aminopropyl)trimethoxysilane (APTMOS) was added 

to improve the dispersibility of the spheres in water,70 whilst triethoxymethylsilane (TEMS) was 

added to prevent aggregation.71  
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Figure 2: LHS, Optical microscope image (x10) of Fe-TAML entrapped ionic liquid silica spheres. RHS, 

SEM image (x1170) of a single Fe-TAML entrapped ionic liquid silica sphere.  

ICP/OES indicated that the silica spheres contained 0.52 wt % Fe and therefore 4.14 wt % TAML 

anion, which was higher than gels G1 and G2 (0.24 and 1.27 wt % TAML anion, Table 2). As with ionic 

liquid gels G1 and G2, the spheres provide a basic ionic liquid environment within the porous 

spheres72 to protect Fe-TAML. The spheres exhibited good thermal stability (296 °C, SI Figure S12), 

after an initial loss of water, but are 30-50 °C less stable than G1 and G2 (Table 2). 

Aqueous dye degradation activity 

The activity of Fe-TAML within the gels and spheres was screened by following the bleaching of 

aqueous solutions of dye by H2O2 in a similar manner to previous studies on homogeneous 

systems.73 Degradation experiments were performed on indigo carmine under homogeneous 

conditions without buffer and similar tests were performed on brilliant blue and tartrazine (SI 

Figures S49, S50). This enabled a direct comparison with the heterogeneous system where the use of 

an engineered pH will reduce the effects of changes in the solution pH. The addition of peroxide to 

the indigo carmine solution lowered the pH from 7.0 (± 0.03) to 6.3 (± 0.16) (SI section 1). The results 

(Figure 3) showed that H2O2 and Fe-TAML have little to no activity when used independently. The 

homogeneous solution of the combined oxidant and promoter degraded the dye down to 20 % 

within 90 minutes under experimental conditions (Figure 3, SI section 4.2). The addition of basic 
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ionic liquid had a promoting effect, giving complete degradation in 60 minutes. Above the pKa of 

H2O2 (11.5), strongly nucleophilic HO2
- forms in a process called perhydrolysis and this leads to 

accelerated degradation.13 This highlights the importance of basic additives for homogeneous Fe-

TAML activity and is the rationale behind our use of basic ionic liquids for the formation of Fe-TAML 

gel and spheres.  

 

Figure 3: Homogeneous degradation reactions of indigo carmine (0.63x10-3 M) with and without Fe-

TAML (10.7x10-6 M), H2O2 (0.16 M) and basic ionic liquid ([P6,6,6,14][OH] (1 mL solution in EtOH). 
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Figure 4: Indigo carmine (0.63x10-3 M) degradation using H2O2 (0.16 M) and either homogeneous Fe-

TAML (10.7x10-6 M), gel entrapped Fe-TAML (25 gL-1 gel) or silica sphere entrapped Fe-TAML (1.95 

gL-1 spheres). The Fe-TAML/dye molar ratio was 0.02 (Homogeneous) 0.20 (G1), 1.0 (G2) and 0.003 

(Spheres). No H2O2 was added for the blank gel run. G indicates an ionic liquid gel. Standard 

deviations are shown for reactions performed in triplicate.   

After demonstrating that both H2O2 and Fe-TAML are necessary for the removal of dye we followed 

the degradation of indigo carmine by UV-visible spectrophotometry to compare the performance of 

G1, G2, the silica spheres and homogeneous Fe-TAML solutions (Figure 4, SI section 4). To make the 

process more environmentally friendly and applicable in the field, a buffer was not used. The pH at 

the start of the reaction was 6.3 (± 0.13). This is below the ideal pH for Fe-TAML13,73 but the 

engineered pH at the heterogeneous active centre should restore nearer-optimal activity to Fe-

TAML. A gel that did not contain Fe-TAML did not promote dye removal. G2 was more active 

towards the degradation of indigo carmine than G1. The difference in activity can be attributed to 
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the greater amount of Fe-TAML entrapped in G2 and the larger pore size of this gel (Table 2), but the 

different ionic liquids in each gel (Table 1) may also play a role in determining the rate of bleaching. 

Different absorbances of chlorophenols and dyes have been observed by bulk ionic liquids30,31,32 and 

ionic liquid gels60,61,66 depending on the ionic liquids used.  

The basic ionic liquid silica spheres degraded indigo carmine faster and to a greater extent than G1, 

G2 or the homogeneous system (Figure 4, SI section 4). This is consistent with the higher wt % of 

entrapped Fe-TAML in the spheres compared to the gels (0.52 wt % compared to 0.03 and 0.16 wt 

%). There may also be a concentration effect of the catalyst and the substrate within the spheres 

due to confinement. This has previously been shown by gels and nanoparticles where the materials 

containing less catalyst were more active due to efficient interaction of reagents and catalysts in a 

confined environment,74,75 and by chiral organocatalysts entrapped in low molecular weight ionic 

liquid gels where the hydrogen bonding within the gels improved the reaction yield compared to the 

bulk ionic liquid.76 The slower initial degradation compared to the homogeneous system suggests 

that initial diffusion of indigo carmine into the spheres slows the establishment of a steady state 

system. Unlike the other systems, bubbling was visible in the sphere reaction, indicating the fast 

decomposition of H2O2 to form O2. After 45 minutes no individual absorbance was visible for indigo 

carmine, but the baseline was raised and this prevented the measurement to 100 % dye conversion 

(SI Figure S45).  

G2 and homogeneous Fe-TAML were found to exhibit similar degradation behaviour for indigo 

carmine; the initial rate of homogeneous Fe-TAML was higher, but after 40 minutes, the two 

systems (homogeneous and G2) exhibited a very similar steady rate of bleaching. The slower initial 

rate in the gel system is consistent with the gel first having to absorb the dye before its degradation 

and supports the theory that the Fe-TAML is entrapped within the gel pores rather than simply 

absorbed to the surface. 



 
 

13 
 

The ionic liquid gels G1 and G2 were also used to catalyse the decomposition of brilliant blue (as a 

component of food coloring). Both gels catalysed the decomposition of brilliant blue more efficiently 

and to a greater extent than homogeneous Fe-TAML (SI Figure S51, S54). G1 degraded brilliant blue 

to a similar extent to G2 at a slower rate (SI Figures S51, S53), this is consistent with the results for 

indigo carmine bleaching. Degradation studies on tartrazine are detailed in the SI section 13.2. 

Whilst homogeneous Fe-TAML would have increased activity at a higher pH,73 we show that the 

engineered pH of the heterogeneous materials can support the activity of Fe-TAML in a low pH 

solution. Ionic liquids experience only a small slowing down of their dynamics when entrapped,77 

and we proposed that the homogeneous mechanism of Fe-TAML was maintained within the gel.  

The efficient dye degradation reported here shows that the basic ionic liquid materials provide a 

protective environment for the activity of Fe-TAML which facilitates activity and supports high rates 

of reaction.  

Gels are known to absorb dyes60,61,62,66 so it could be argued that the dye is simply being absorbed by 

the gel and not degraded. It is likely that this is the first process in dye removal, and when the gel 

was removed early in the reaction it was colored, showing the dye had been absorbed. However, the 

color could be observed fading as the dye was degraded by the activity of entrapped Fe-TAML 

(Figure 5). A blank gel that did not contain Fe-TAML absorbed a negligible quantity of the dye (Figure 

4), showing that absorption is not the sole method of dye removal in this system. Sulfonated gels, 

such as indigo carmine and brilliant blue, are known to have high water solubility and low 

absorbance onto solids.78 The dyes did not become significantly darker as the reaction progressed 

which would occur if the gel continually absorbed the dye without degrading it. The presence of 

bubbles in the silica sphere catalysed degradation is further evidence for the co-operation between 

Fe-TAML and H2O2 to degrade the dye rather than simply remove it by absorption.  
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Figure 5: Left, an Fe-TAML gel stained by indigo carmine. Right, the same gel after the dye has 

degraded. 

Catalyst stability and reuse  

Following every heterogeneous degradation of dye, a liquid sample was removed and the Fe content 

was analysed by ICP/OES. A liquid sample from the sphere catalysed reaction was found to contain 1 

ppm iron. This metal leaching accounts for the change in baseline position (SI Figure S45). Although 

they supported a high level of catalytic activity, the ionic liquid silica spheres prepared were not 

robust enough to survive the conditions of the reaction. Improvements to the spheres’ stability may 

yield from increases in the percentage silica in order to form a thicker shell, and/or changes in the 

ionic liquids used, as the basic ammonium ionic liquid used may not be as stable as phosphonium 

analogues. The silica spheres were not found to recycle. After a bleaching experiment the spheres 

were collected via filtration and washed with a small amount of water. When the spheres were 

reused they showed relatively little degradation of indigo carmine in the second (18 %) and third use 

(10 %) (SI Figure S55). This is considerably lower than the first run (87 %) and is consistent with the 

leaching of Fe observed by ICP/OES. 

The Fe content of every sample from the gel catalysed reactions was found to be less than 0.1 ppm, 

which indicates that the Fe-TAML leaching was minimal. Fe-TAML and H2O2 work best under basic 

conditions.13 In contrast Fe-TAML has been shown to leach metal under certain homogeneous acidic 

conditions.15,45 Entrapment of Fe-TAML within silica and the basic nature of G1 and G2 has 

prevented leaching during these dye degradation studies. 
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To compliment the ICP/OES results, further proof of the heterogeneity of the gel catalysts was 

provided by performing a filtration test79 on G2 in an aqueous solution of indigo carmine and H2O2 

(Figure 6, SI section 4.4). After 45 minutes in solution the gel was removed and the solution 

monitored for a period without the gel. There was a significant decrease in the rate of bleaching 

from 2.2x10-3 Mmin-1 (0-45 minutes) to 1.0x10-3 Mmin-1 (45-60 minutes), and after a few minutes the 

bleaching ceased. The slight decrease in absorbance/concentration between T=45 and T=60 

represents one data point, and this bleaching may have occurred during filtration. The gel was re-

added to the reaction after 90 minutes and catalytic bleaching resumed. The rate of oxidation was 

found to be higher in the second period (3.1x10-3 Mmin-1), this may be due to the presence of 

inhibitors in the first phase, and/or the formation of a more active form of the catalyst. During the 

period of separation any species absorbed within the gel will still be exposed to the action of Fe-

TAML and H2O2. Similar tests were performed for the other dyes (SI Figures S30, S35, S46, S47) and 

for G1 (SI Figures S42, S48). Brilliant blue gave similar trends, whereas low rates of bleaching for 

tartrazine rendered these results inconclusive.  

The ionic liquid gel G2 was recycled and reused five times (Figure 7). After the reaction the post-

reaction gel was obtained from the reaction mixture by filtration and washed with a small amount of 

water. In each of the recycle experiments the degradation profile was similar, and the first bleaching 

test was consistent with the fifth. In contrast, the previously reported system of Cu-TEMPO 

entrapped in ionic liquid gels containing [BMIM][PF6] was found to leach and become deactivated.42 

This highlights the importance of the right catalyst, matrix and ionic liquid combination.  
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Figure 6: Graphs for a filtration test on G2 (25 gL-1) and indigo carmine (0.63x10-3 M) using H2O2 (0.16 

M). Fe-TAML/dye molar ratio is 1.0. Left, UV-visible spectrum of the filtration test. Right, % dye 

remaining vs. time. Purple indicates the gel in the liquid mixture, red indicates the gel has been 

removed. 

 

 

 

 

 

 

Figure 7: Reuse of G2 (25 gL-1) for the degradation of brilliant blue (1.4 % v/v food coloring) using 

H2O2 (0.16 M).  

Environmental Implications 

Purification of water is necessary for human health. New methods for purification are needed as the 

current processes allow contaminants to remain in treated water.3,4 Fe-TAML is one-such efficient 

water treatment catalyst.12,13,14,15,16,17 We report the one-pot preparation of Fe-TAML entrapped in 
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basic ionic liquid silica gels and ionic liquid silica spheres with the ionic liquids chosen to maximise 

the activity and stability of the catalyst for water purification. To our knowledge this is the first 

report of the ionic liquid catalysed synthesis of ionic liquid silica spheres. The addition of peroxide to 

water lowers the pH and this is detrimental to Fe-TAML.15,45 Entrapping TAML within the basic gel 

environment allows Fe-TAML to be used in non-optimal conditions. The use of a heterogeneous 

catalyst with an engineered pH at the active centre removes any requirement to adjust the pH of the 

water, making the system much cleaner.  Heterogeneous TAML does not cause metal pollution, as 

the metal complex is locked away in the gel. The ionic liquids used here have relatively low 

toxicity80,81 and the long chain phosphonium ionic liquids are particularly averse to water 

dissolution48 and therefore ionic liquid leaching is unlikely.41 This is an important parameter to 

consider in case of an accidental release or gradual release over the mid to long term. Long term 

testing under field-like conditions should be performed to assess changes in the material which 

could indicate leaching has occurred. 

The performance of Fe-TAML doped ionic liquid materials was very promising and, as the removal of 

colored impurities increases water quality and reduces its toxicity,11 the Fe-TAML materials could be 

optimised for real-world systems. The gels could also be applied to the degradation of many organic 

compounds12,13,14,15,17 and pathogens,16 as previously demonstrated for Fe-TAML. Although the 

heterogeneous systems use more Fe-TAML, their ease of recovery and reuse prevents waste of the 

catalyst which occurs in the homogeneous system. It is anticipated that Fe-TAML entrapped in ionic 

liquid materials would be easier to apply to water purification in the field. The protective 

environment within the gel should make the catalytic system more resistant to poisoning and 

demetallation. Future generations of Fe-TAML catalysts (including New-TAML) could be incorporated 

with minimal changes to the synthesis methods.  

The methods developed have the basic premise of providing a protective solvent environment for a 

catalyst that does not leach into water and can be readily separated and recycled. The system should 
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be applicable to different catalysts, and, we believe with modification, also to the entrapment of 

biocatalysts. The sol-gel process allows gels of different shapes to be formed by changing the 

processing method, as demonstrated for silica spheres. Gels could be processed in order to fit 

certain pipes or be incorporated into mixing tanks or hand-held devices. Beads could be prepared 

and then used to pack a pipe or held inside a mesh in a mixing tank. The formation of gel particles 

and silica spheres exemplifies the flexibility of ionic liquid mediated chimie douce methods. Many 

opportunities exist for the tuning of the morphology and physical properties of the resultant porous 

materials. The ionic liquid within the matrix provides a unique environment for the entrapment of 

active catalysts. This can in turn lead to the formation of many forms of heterogenized catalyst, 

giving flexibility of design in order to maximise performance. 

Conflicts of interest 

There are no conflicts to declare. 

Funding sources 

Queen’s University Ionic Liquids Laboratories (QUILL). Queen’s University Belfast, School of 

Chemistry and Chemical Engineering. Engineering and Physical Sciences Research Council (UK) grants 

EP/R026645/1, The UK Catalysis Hub - 'Science': 2 Catalysis at the Water-Energy Nexus, and 

EP/M013219/1, Biocatalysis & Biotransformation: A 5th Theme for the National Catalysis Hub. 

Acknowledgements 

Donald Webber-Plank for useful discussions. The industrial advisory board of Queens University Ionic 

Liquid Laboratories and Queen’s University Belfast, School of Chemistry and Chemical Engineering.  

 

 

 



 
 

19 
 

TOC Image 

 

References 

1 United Nations, General Assembly regulation 64/292, The human right to water and sanitation, 

A/RES/64/292 (July 29, 2010), https://undocs.org/A/RES/64/292 (accessed July 16, 2019).  

2 Connor, R.; Renata, A.; Ortigara, C.; Koncagül, E.; Uhlenbrook, S.; Lamizana-Diallo, B. M.; Zadeh, S. 

M.; Qadir, M.; Kjellén, M.; Sjödin, J.; Hendry, S. The United Nations world water development report, 

2017: Wastewater: the untapped resource.   

3 Kasprzyk-Hordern, B.; Dinsdale, R. M.; Guwy, A. J. The occurrence of pharmaceuticals, personal 

care products, endocrine disruptors and illicit drugs in surface water in South Wales, UK. Water Res. 

2008, 42, 3498-3518. DOI: 10.1016/j.watres.2008.04.026 

4 White, D.; Lapworth, D. J.; Civil, W.; Williams, P. Tracking changes in the occurrence and source of 

pharmaceuticals within the River Thames, UK; from source to sea. Environ. Pollut. 2019, 249, 257-

266. DOI: 10.1016/j.envpol.2019.03.015 

5 Rearick, D. C.; Ward, J.; Venturelli, P.; Schoenfuss, H. Environmental oestrogens cause predation-

induced population decline in a freshwater fish. R. Soc. Open Sci. 2018, 5, 181065. DOI: 

10.1098/rsos.181065 

6 Weber, A. A.; Moreira, D. P.; Melo, R. M. C.; Ribeiro, Y. M.; Bazzoli, N.; Rizzo, E. Environmental 

exposure to oestrogenic endocrine disruptors mixtures reflecting on gonadal sex steroids and 



 
 

20 
 

gametogenesis of the neotropical fish Astyanax rivularis. Gen. Comp. Endocrinol. 2019, 279, 99-108. 

DOI: 10. 1016/j.ygcen.2018.12.016 

7 National Environmental Services Centre, Explaining the activated sludge process. Pipeline, Spring 

2003, 14. http://www.nesc.wvu.edu/pdf/WW/publications/pipline/PL_SP03.pdf (accessed February 

24, 2020). 

8 Hatta, T.; Nakano, O.; Imai, N.; Takizawa, N.; Kiyohara, H. Cloning and sequence analysis of 

hydroxyquinol 1,2-dioxygenase gene in 2,4,6-trichlorophenol-degrading Ralstonia pickettii DTP0602 

and characterization of its product. J. Biosci. Bioeng. 1999, 87, 267-272. DOI: 10.1016/S1389-

1723(99)80030-9 

9 Pal, N.; Lewandowski, G.; Armenante, P. M. Process optimization and modeling of trichlorophenol 

degradation by Phanerochaete chrysosporium. Biotechnol. Bioeng. 1995, 46, 599-609. DOI: 

10.1002/bit.260460613 

10 McAllister, K. A.; Lee, H.; Trevors, J. T. Microbial degradation of pentachlorophenol. 

Biodegradation. 1996, 7, 1-40. DOI: 10.1007/BF00056556 

11 Bilal, M.; Asgher, M.; Iqbal, M.; Hu, H.; Zhang, X. Chitosan beads immobilized manganese 

peroxidase catalytic potential for detoxification and decolorization of textile effluent. Int. J. Biol. 

Macromol. 2016, 89, 181-189. DOI: 10.1016/j.ijbiomac.2016.04.075 

12 Sen Gupta, S.; Stadler, M.; Noser, C. A.; Ghosh, A.; Steinhoff, B.; Lenoir, D.; Horwitz, C. P.; 

Schramm, K.-W.; Collins, T. J. Rapid Total Destruction of Chlorophenols by Activated Hydrogen 

Peroxide. Science. 2002, 296, 326-328. DOI: 10.1126/science.1069297 

13 Chanda, A.; Khetan, S. K.; Banerjee, D.; Ghosh, A.; Collins, T. J. Total Degradation of Fenitrothion 

and Other Organophosphorus Pesticides by Catalytic Oxidation Employing Fe-TAML Peroxide 

Activators. J. Am. Chem. Soc. 2006, 128, 12058-12059. DOI: 10.1021/ja064017e 



 
 

21 
 

14 Shappell, N. W.; Vrabel, M. A.; Madsen, P. J.; Harrington, G.; Billey, L. O.; Hakk, H.; Larsen, G. L.; 

Beach, E. S.; Horwitz, C. P.; Ro, K.; Hunt, P. G.; Collins, T. J. Destruction of Estrogens Using Fe-

TAML/Peroxide Catalysis. Environ. Sci. Technol. 2008, 42, 1296-1300. DOI: 10.1021/es7022863 

15 Ellis, W. C.; Tran, C. T.; Roy, R.; Rusten, M.; Fischer, A.; Ryabov, A. D.; Blumberg, B.; Collins, T. J. 

Designing Green Oxidation Catalysts for Purifying Environmental Waters. J. Am. Chem. Soc. 2010, 

132, 9774-9781. DOI: 10.1021/ja102524v 

16 Banerjee, D.; Markley, A. L.; Yano, T.; Ghosh, A.; Berget, P. B.; Minkley Jr, E. G.; Khetan, S. K.; 

Collins, T. J. “Green” Oxidation Catalysis for Rapid Deactivation of Bacterial Spores. Angew. Chem. 

Int. Ed. 2006, 45, 3974-3977. DOI: 10.1002/anie.200504511 

17 Warner, G. R.; Somasundar, Y.; Jansen, K. C.; Kaaret, E. Z.; Weng, C.; Burton, A. E.; Mills, M. R.; 

Shen, L. Q.; Ryabov, A. D.; Pros, G.; Pintauer, T.; Biswas, S.; Hendrich, M. P.; Taylor, J. A.; Vom Saal, F. 

S.; Collins, T. J. Bioinspired, multidisciplinary, iterative catalyst design creates the highest 

performance peroxidase mimics and the field of Sustainable Ultradilute Oxidation Catalysis. ACS 

Catalysis, 2019, 9, 7023–7037. DOI: 10.1021/acscatal.9b01409 

18 Truong, L.; DeNardo, M. A.; Kundu, S.; Collins, T. J.; Tanguay, R. L. Zebrafish assays as 

developmental toxicity indicators in the green design of TAML oxidation catalysts. Green Chem. 

2013, 15, 2339-2343. DOI: 10.1039/C3GC40376A 

19 Bakshi, D. K.; Sharma, P. Genotoxicity of Textile Dyes Evaluated with Ames Test and rec-Assay. J. 

Environ. Pathol. Toxicol. Oncol. 2003, 22, 101-109. DOI: 10.1615/JEnvPathToxOncol.v22.i2.30 

20 Mathur, N.; Bhatnagar, P. Mutagenicity assessment of textile dyes from Sanganer (Rajasthan). J. 

Environ. Biol. 2007, 28, 123-126. 

21 Horwitz, C. P.; Collins, T. J.; Spatz, J.; Smith, H. J.; Wright, L. J.; Stuthridge, T. R.; Wingate, K. G.; 

McGrouther, K. Iron-TAML catalysts in the pulp and paper industry. ACS Symp. Ser. 2006, 921, 156-

169. DOI: 10.1021/bk-2006-0921.ch012 



 
 

22 
 

22 Malvi, B.; Panda, C.; Dhar, B. B.; Gupta, S. S. One pot glucose detection by [FeIII(biuret-amide)] 

immobilized on mesoporous silica nanoparticles: an efficient HRP mimic. Chem. Commun. 2012, 48, 

5289-5291. DOI: 10.1039/C2CC30970J 

23 Kumari, S.; Dhar, B. B.; Panda, C.; Meena, A.; Gupta, S. S. Fe-TAML Encapsulated Inside 

Mesoporous Silica Nanoparticles as Peroxidase Mimic: Femtomolar Protein Detection. ACS Appl. 

Mater. Interfaces. 2014, 6, 13866-13873. DOI: 10.1021/am503275g 

24 Marr, A. C.; Marr, P. C. Entrapping homogeneous catalysts by sol–gel methods: the bottom-up 

synthesis of catalysts that recycle and cascade. Dalton Trans. 2011, 40, 20-26. DOI: 

10.1039/C0DT00888E 

25 Liu, Z.; Xu, C.; Huang, C. Method for manufacturing alkylate oil with composite ionic liquid used as 

catalyst. U.S. Patent, 7,285,698, October 23, 2007. 

26 Plechkova, N. V.; Seddon, K. R. Applications of ionic liquids in the chemical industry. Chem Soc. 

Rev. 2008, 37, 123-150. DOI: 10.1039/B006677J 

27 Broderick, E. M.; Bhattacharyya, A.; Yang, S.; Mezza, B. J. Contaminant removal from hydrocarbon 

streams with lewis acidic ionic liquids. U.S. Patent 9,574,139, February 21, 2017. 

28 Brelsford, R. Chevron’s Utah refinery lets contract for alkylation technology retrofit (February 8, 

2017), https://www.ogj.com/refining-processing/article/17290342/chevrons-utah-refinery-lets-

contract-for-alkylation-technology-retrofit, (accessed 27 September 2019). 

29 Evonik Press Release. Evonik demonstrates for the first time that SILP catalyst systems can be used 

commercially (June 10 2015), https://pubs.acs.org/doi/pdf/10.1021/bk-2006-STYG.ch014 (accessed 

February 14, 2020).  

30 Pei, Y. C. Wang, J. J.; Xuan, X. P.; Fan, J.; Fan, M. Factors Affecting Ionic Liquids Based Removal of 

Anionic Dyes from Water. Environ. Sci. Technol. 2007, 41, 5090-5095. DOI: 10.1021/es062838d 



 
 

23 
 

31 Fan, J.; Fan, Y.; Pei, Y.; Wu, K.; Wang, J.; Fan, M. Solvent extraction of selected endocrine disrupting 

phenols using ionic liquids. Sep. Purif. Technol. 2008, 61, 324-331. DOI: 

10.1016/j.seppur.2007.11.005 

32 Sulaiman, R.; Adeyemi, I.; Abraham, S. R.; Hasan, S. W.; AlNashef, I. M. Liquid-liquid extraction of 

chlorophenols from wastewater using hydrophobic ionic liquids. J. Mol. Liq. 2019, 294, 111680. DOI: 

10.1016/j.molliq.2019.111680 

33 Dai, S.; Ju, Y. H.; Gao, H. J.; Lin, J. S.; Pennycook, S. J.; Barnes, C. E. Preparation of silica aerogel 

using ionic liquids as solvents. Chem. Commun. 2000, 243−244. DOI: 10.1039/A907147D 

34 Adams, C. J.; Bradley, A. E.; Seddon, K. R. The synthesis of mesoporous materials using novel ionic 

liquid templates in water. Aust. J. Chem. 2001, 54, 679−681. DOI: 10.1071/CH01191 

35 Marr, P. C.; Marr, A. C. Ionic liquid gel materials: applications in green and sustainable chemistry. 

Green Chem. 2016, 18, 105-128. DOI: 10.1039/C5GC02277K 

36 Anderson, K.; Fernandez, S. C.; Hardacre, C.; Marr, P. C. Preparation of nanoparticulate metal 

catalysts in porous supports using an ionic liquid route; hydrogenation and C−C coupling. Inorg. 

Chem. Commun. 2004, 7, 73−76. DOI: 10.1016/j.inoche.2003.10.008 

37 Shi, F.; Zhang, Q.; Li, D.; Deng, Y. Silica-gel-confined ionic liquids: A new attempt for the 

development of supported nanoliquid catalysis. Chem. Eur. J. 2005, 11, 5279−5288. DOI: 

10.1002/chem.200500107 

38 Craythorne, S. J.; Anderson, K.; Lorenzini, F.; McCausland, C.; Smith, E. F.; Licence, P.; Marr, A. C.; 

Marr, P. C. The co-entrapment of a homogeneous catalyst and an ionic liquid by a sol-gel method: 

Recyclable ionogel hydrogenation catalysts. Chem. Eur. J. 2009, 15, 7094-7100. DOI: 

10.1002/chem.200801809 



 
 

24 
 

39 Wang, Y.-M.; Ulrich, V.; Donnelly, G. F.; Lorenzini, F.; Marr, A. C.; Marr, P. C. A Recyclable Acidic 

Ionic Liquid Gel Catalyst for Dehydration: Comparison with an Analogous SILP Catalyst. ACS 

Sustainable Chem. Eng. 2015, 3, 792−796. DOI: 10.1021/sc5008303 

40 Bothwell, K. M.; Marr, P. C. Taming the Base Catalyzed Sol–Gel Reaction: Basic Ionic Liquid Gels of 

SiO2 and TiO2. ACS Sustainable Chem. Eng. 2017, 5, 1260-1263. DOI: 

10.1021/acssuschemeng.6b02772 

41 Bothwell, K. M.; Lorenzini, F.; Mathers, E.; Marr, P. C.; Marr, A. C. Basic Ionic Liquid Gels for 

Catalysis: Application to the Hydrogen Borrowing Mediated Dehydration of 1,3-Propanediol. ACS 

Sustainable Chem. Eng. 2019, 7, 2686-2690. DOI: 10.1021/acssuschemeng.8b05762 

42 Liu, L.; Ma, J.; Xia, J.; Li, L.; Li, C.; Zhang, X.; Gong, J.; Tong, Z. Confining task-specific ionic liquid in 

silica-gel matrix by sol-gel technique: A highly efficient catalyst for oxidation of alcohol with 

molecular oxygen. Catal. Commun. 2011, 12, 323-326. DOI: 10.1016/j.catcom.2010.10.020 

43 Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice, Oxford University Press, New 

York, 1998; pp 29-56. 

44 Cole, A. C.; Jensen, J. L.; Ntai, I.; Tran, K. L. T.; Weaver, K. J.; Forbes, D. C.; Davis, J. H. Novel 

Brønsted acidic ionic liquids and their use as dual solvent−catalysts. J. Am. Chem. Soc. 2002, 124, 

5962-5963. DOI: 10.1021/ja026290w 

45 Polshin, V.; Popescu, D.-L.; Fischer, A.; Chanda, A.; Horner, D. C.; Beach, E. S.; Henry, J.; Qian, Y.-L.; 

Horwitz, C. P.; Lente, G.; Fabian, I.; Münck, E; Bominaar, E. L.; Ryabov, A. D.; Collins, T. J. Attaining 

control by Design over the Hydrolytic stability of Fe-TAML Oxidation Catalysts. J. Am. Chem. Soc. 

2008, 130, 4497-4506. DOI: 10.1021/ja7106383 

46 Gelesky, M. A.; Chiaro, S. S. X.; Pavan, F. A.; dos Santos, J. H. Z.; Dupont, J. Supported ionic liquid 

phase rhodium nanoparticle hydrogenation catalysts. Dalton Trans. 2007, 5549-5553. DOI: 

10.1039/B708111A 



 
 

25 
 

47 Iler, R. K. The chemistry of silica: Solubility, polymerisation, colloid and surface properties and 

Biochemistry; John Wiley and Sons: New York, 1979. 

48 Liu, X.-H.; Rebroš, M.; Dolejš, I.; Marr, A. C. Designing Ionic Liquids for the Extraction of Alcohols 

from Fermentation Broth: Phosphonium Alkanesulfonates, Solvents for Diol Extraction. ACS 

Sustainable Chem. Eng. 2017, 5, 8260-8268. DOI: 10.1021/acssuschemeng.7b01934 

49 Stöber, W.; Fink, A.; Bohn, E. Controlled Growth of Monodisperse Silica Spheres in the micron Size 

Range. J. Colloid Interface Sci. 1968, 26, 62-69. DOI: 10.1016/0021-9797(68)90272-5 

50 Wu, S.-H.; Mou, C.-Y.; Lin, H.-P. Synthesis of mesoporous silica nanoparticles. Chem. Soc. Rev. 

2013, 42, 3862-3875. DOI: 10.1039/C3CS35405A 

51 Jacob, D. S.; Joseph, A.; Mallenahalli, S. P.; Shanmugam, S.; Makhluf, S.; Calderon-Moreno, J.; 

Koltypin, Y.; Gedanken, A. Rapid Synthesis in Ionic Liquids of Room-Temperature-Conducting Solid 

Microsilica Spheres. Angew. Chem. Int. Ed. 2005, 44, 6560-6563. DOI: 10.1002/anie.200501446 

52 Li, Z.; Zhang, J.; Du, J.; Han, B.; Wang, J. Preparation of silica microrods with nanosized pores in 

ionic liquid microemulsions. Colloids Surf. A 2006, 286, 117-120. DOI: 10.1016/j.colsurfa.2006.03.011 

53 Hu, J.; Gao, F.; Shang, Y.; Peng, C.; Liu, H.; Hu, Y. One-step synthesis of micro/mesoporous material 

templated by CTAB and imidazole ionic liquid in aqueous solution. Microporous Mesoporous Mater. 

2011, 142, 268-275. DOI: 10.1016/j.micromeso.2010.12.011 

54 Zhao, S.; Zhang, Y.; Zhou, Y.; Sheng, X.; Zhang, C.; Zhang, M.; Fang, J. One-step synthesis of core-

shell structured mesoporous silica spheres templated by protic ionic liquid and CTAB. Mater. Lett. 

2016, 178, 35-38. DOI: 10.1016/j.matlet.2016.04.182 

55 Zhao, M.; Zheng, L.; Li, N.; Yu, L. Fabrication of hollow silica spheres in an ionic liquid 

microemulsion. Mater. Lett. 2008, 62, 4591-4593. DOI: 10.1016/j.matlet.2008.08.047 



 
 

26 
 

56 Guarnido, I. L.; Routh, A. F.; Mantle, M. D.; Serrano, M. F.; Marr, P. C. Ionic Liquid Microcapsules: 

Formation and Application of Polystyrene Microcapsules with Ionic Liquid Cores. ACS Sustainable 

Chem. Eng., 2019, 7, 1870-1874. DOI: 10.1021/acssuschemeng.8b05478 

57 Makrygianni, M.; Lada, Z. G.; Manousou, A.; Aggelopoulos, C. A.; Deimede, V. Removal of anionic 

dyes from aqueous solution by novel pyrrolidinium-based Polymeric Ionic Liquid (PIL) as adsorbent: 

Investigation of the adsorption kinetics, equilibrium isotherms and the adsorption mechanisms 

involved. J. Environ. Chem. Eng. 2019, 7, 103163. DOI: 10.1016/j.jece.2019.103163 

58 Gallastegui, A.; Pocarelli, L.; Palacios, R. E.; Gómez, M. L.; Mecerreyes, D. Catechol-Containing 

Acrylic Poly(ionic liquid) Hydrogels as Bioinspired Filters for Water Decontamination. ACS Appl. 

Polym. Mater. 2019, 1, 1887-1895. DOI: 10.1021/acsapm.9b00443 

59 Yang, H.; Zhang, J.; Liu, Y.; Wang, L.; Bai, L.; Yang, L.; Wei, D.; Wang, W.; Niu, Y.; Chen, H. Rapid 

removal of anionic dye from water by poly(ionic liquid)-modified magnetic nanoparticles. J. Mol. Liq. 

2019, 284, 383-392. DOI: 10.1016/j.molliq.2019.04.029 

60 Cheng, N.; Hu, Q.; Guo, Y.; Wang, Y.; Yu, L. Efficient and Selective Removal of Dyes Using 

Imidazolium-Based Supramolecular Gels. ACS Appl. Mater. Interfaces 2015, 7, 10258-10265. DOI: 

10.1021/acsami.5b00814 

61 Marullo, S.; Rizzo, C.; Dintcheva, N. T.; Giannici, F.; D’Anna, F. Ionic liquids gels: Soft materials for 

environmental remediation. J. Colloid Interface Sci. 2018, 517, 182-193. DOI: 

10.1016/j.jcis.2018.01.111 

62 Rizzo, C.; Marullo, S.; Campodonico, P. R.; Pibri, I.; Dintcheva, N. T.; Noto, R.; Millan, D.; D’Anna, F. 

Self-Sustaining Supramolecular Ionic Liquid Gels for Dye Adsorption. ACS Sustainable Chem. Eng. 

2018, 6, 12453-12462. DOI: 10.1021/acssuschemeng.8b03002 



 
 

27 
 

63 Li, X.; Lu, X.; Yang, J.; Ju, Z.; Kang, Y.; Xu, J.; Zhang, S. A facile ionic liquid approach to prepare 

cellulose-rich aerogels directly from corn stalks. Green Chem. 2019, 21, 2699-2708. DOI: 

10.1039/C9GC00282K 

64 Cheng, J.; Shi, L.; Lu, J. Amino ionic liquids-modified magnetic core/shell nanocomposite as an 

efficient adsorbent for dye removal. J. Ind. Eng. Chem. 2016, 36, 206-214. DOI: 

10.1016/j.jiec.2016.02.004 

65 Lu, F.; Huang, C.; You, L.; Wang, J.; Zhang, Q. Magnetic hollow carbon microspheres as a reusable 

adsorbent for rhodamine B removal. RSC Adv. 2017, 7, 23255-23264. DOI: 10.1039/C7RA03045B 

66 Marullo, S.; Meli, A.; Dintcheva, N. T.; Infurna, G.; Rizzo, C.; D’Anna, F. Environmentally Friendly 

Eutectogels Comprising l-amino Acids and Deep Eutectic Solvents: Efficient Materials for Wastewater 

Treatment. ChemPlusChem, 2020, 85, 301-311. DOI:  10.1002/cplu.202000017 

67 Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.; Rouquérol, J.; 

Siemieniewska, T. International Union of Pure and Applied Chemistry, Physical Chemistry Division, 

Commission on Colloid and Surface Chemistry Including Catalysis. Reporting Physisorption Data for 

Gas/Solid Systems with Special Reference to the Determination of Surface Area and Porosity. Pure 

Appl. Chem. 1985, 57, 603-619. DOI: 10.1351/pac198557040603 

68 McNeice, P.; Marr, A. C.; Marr, P. C.; Earle, M. J.; Seddon, K. R. Binary Alkoxide Ionic Liquids. ACS 

Sustainable Chem. Eng. 2018, 6, 13676-13680. DOI: 10.1021/acssuschemeng.8b04299 

69 Noack, K.; Schultz, P. S.; Paape, N.; Kiefer, J.; Wasserscheid, P.; Leipertz, A. The role of the C2 

position in interionic interactions of imidazolium based ionic liquids: a vibrational and NMR 

spectroscopic study. Phys. Chem. Chem. Phys. 2010, 12, 14153-14161. DOI: 10.1039/C0CP00486C 

70 Tapec, R.; Zhao, X. J.; Tan, W. Development of Organic Dye-Doped Silica Nanoparticles for 

Bioanalysis and Biosensors. J. Nanosci. Nanotechnol. 2002, 2, 405-409. DOI: 10.1166/jnn.2002.114 



 
 

28 
 

71 Cornejo, A.; Fuks, G.; Martinez-Merino, V.; Sarobe, Í.; Gil, M. J.; Philippot, K.; Chaudret, B.; 

Delpech, F.; Nayral, C. Strawberry-like SiO2@Pd and Pt nanomaterials. New J. Chem. 2014, 38, 6103-6113. 

DOI: 10.1039/C4NJ01019A 

72 Garaga, M. N.; Persson, M.; Yaghini, N.; Martinelli, A. Local coordination and dynamics of a protic 

ammonium based ionic liquid immobilized in nano-porous silica micro-particles probed by Raman 

and NMR spectroscopy. Soft Matter 2016 12, 2583-2592. DOI: 10.1039/c5sm02736e 

73 Chahbane, N.; Popescu, D.-L.; Mitchell, D. A.; Chanda, A.; Lenoir, D.; Ryabov, A. D.; Schramm, K.-

W.; Collins, T. J. FeIII–TAML-catalyzed green oxidative degradation of the azo dye Orange II by H2O2 

and organic peroxides: products, toxicity, kinetics, and mechanisms. Green Chem. 2007, 9, 49-57. 

DOI: 10.1039/B604990G 

74 Lu, A.; Moatsou, D.; Longbottom, D. A.; O’Reilly, R. K. Tuning the catalytic activity of L-proline 

functionalized hydrophobic nanogel particles in water. Chem. Sci. 2013, 4, 965-969. DOI: 

10.1039/C2SC21300A 

75 Garmendia, S.; Dove, A. P.; Taton, D.; O’Reilly, R. K. Reversible ionically-crosslinked single chain 

nanoparticles as bioinspired and recyclable nanoreactors for N-heterocyclic carbene organocatalysis. 

Polym. Chem., 2018, 9, 5286-5294. DOI: 10.1039/C8PY01293H 

76 Rizzo, C.; Mandoli, A.; Marullo, S.; D’Anna, F. Ionic Liquid Gels: Supramolecular Reaction Media for 

the Alcoholysis of Anhydrides. J. Org. Chem. 2019, 84, 6356-6365. DOI: 10.1021/acs.joc.9b00684 

77 Le Bideau, J.; Gaveau, P.; Bellayer, S.; Néouze, M.-A.; Vioux, A. Effect of confinement on ionic 

liquids dynamics in monolithic silica ionogels: 1H NMR study. Phys. Chem. Chem. Phys. 2007, 9, 5419-

5422. DOI: 10.1039/B711539C 

78 Tratnyek, P. G.; Wolfe, N. L. Characterization of the reducing properties of anaerobic sediment 

slurries using redox indicators. Environ. Toxicol. Chem. 1990, 9, 289-295. DOI: 

10.1002/etc.5620090305 



 
 

29 
 

79 Hamlin, J. E.; Hirai, K.; Millan, A.; Maitlis, P. M. A simple practical test for distinguishing a 

heterogeneous component in a homogeneously catalyzed reaction. J. Mol. Catal. 1980, 7, 543−544. 

ISSN: 0304-5102. 

80 Wood, N.; Ferguson, J. L.; Gunaratne, H. Q. N.; Seddon, K. R.; Goodacre, R.; Stephens, G. M. 

Screening ionic liquids for use in biotransformations with whole microbial cells. Green Chem. 2011, 

13, 1843-1851. DOI: 10.1039/C0GC00579G 

81 Wang, H.; Malhotra, S. V.; Francis, A. J. Toxicity of various anions associated with methoxyethyl 

methyl imidazolium-based ionic liquids on Clostridium sp. Chemosphere 2011, 82, 1597-1603. DOI: 

10.1016/j.chemosphere.2010.11.049 


