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“Sweet” Ionic Liquid Gels: Materials for Sweetening of Fuels  

Floriana Billeci,
a
 Francesca D’Anna,

a
* H. Q. Nimal Gunaratne,

b,c
 Natalia V. Plechkova,

b 

 Kenneth R. Seddon
b,d 

The search for new materials to be used in desufurisation (sweetening) of fuels is one of the main topics of the current 

research. In this paper, we explored the possibility of using supramolecular gels obtained from the gelation of ionic liquid 

binary mixtures. Indeed, some ionic liquids generally are known as efficient extraction phases for desulfurisation of fuels. 

In rare cases, one of the main drawbacks is their partial solubility in the fuel leading to contamination. Then, their 

immobilisation due to the formation of a gelatinous network may be a challenge. Ionic liquid gels were obtained by mixing 

certain [NTf2
-
]-based ionic liquids (solvents) with the ones of gluconate-based ionic liquids (gelators). Our gelators are 

derived from renewable sugar which possess the marked ability to form hydrogen bonds highly favouring gel formation. In 

this work, for the first time, ionic liquid gels were used to adsorb typical sulfur compounds omnipresent in fuels. Aromatic 

sulfur contaminants like thiophene, benzothiophene and dibenzothiophene were selected as model compounds. Our 

ionogels proved efficient adsorption phases, particularly in the removal of benzo- and dibenzothiophenes usually claimed 

as refractory compounds for both extraction and oxidative desulfurisation processes. The adsorption efficiency was barely 

affected by volume, but significantly depended on the fuel concentration.  

Introduction 

Sustainability is one of the most important challenges of the 

modern society.
1
 Its main goal is the development of safer and 

more environmentally friendly processes that integrate the 

needs of economic competitiveness and societal concerns. In 

this context, search and development of new methods and 

liquid fuels play a pivotal role. Indeed, liquid fuels with 

omnipresent sulfur compounds give rise to the formation of 

oxyacids as a result of combustion. These cause environmental 

and industrial concerns.
2
 The detrimental effects of sulfur 

compounds on automobile engines and fuel cells are well 

documented.
2
 All the above drawbacks justify the severity of 

the actual regulations to adjust the permissible sulfur 

concentration in fuels to about 10 ppm.
3
 

The most important approach to lower sulfur level in fuels is 

the hydrodesulfurisation process that since the 1930s features 

the manufacturing of fuels.
2
 Although this process proved 

quite efficient, it is less successful in the removal of aromatic 

sulfur compounds and, in particular of benzothiophene 

derivatives as a consequence of their low reactivity. This is the 

reason why different methods like oxidative, biological, 

adsorptive and extractive desulfurisation have been taken into 

account.
4-7

 Obviously, regardless of methodology, the 

materials used in this process should possess low toxicity, 

efficient reusability and low costs.  

As far as adsorption methods are concerned, different solid 

sorbents such as carbon beads,
8
 graphene oxides,

9
 

functionalised polymers,
10, 11

 metal oxides
12

 etc. have been 

used.  

However, to the best of our knowledge, the possibility of using 

gel phases and, in particular, supramolecular gels for 

desulfurisation has never been explored. Why could these 

materials be advantageous? Firstly, it is well known that they 

are formed through self-assembly processes, occurring in 

different media like water, organic solvents or ionic liquids (ILs) 

with low molecular weight compounds also called gelators 

(LMWGs).
13-16

 These latter, with respect to polymeric gelators, 

have the advantage to be more easily tailored for specific 

applications and could be prepared in the light of the 

“biorefinery concept”, firstly introduced by John and 

coworkers.
17, 18

 This proposes the possibility that gelators 

wholly occur from natural sources or they are prepared using 

naturally occurring reagents. Furthermore, these soft materials 

are highly porous and exhibit pronounced adsorption abilities 

that have widely favoured their use as smart materials for 

pollutant removal.
19, 20

 

All the above advantageous aspects could be further 

improved, if alternative and eco-friendly solvents, that are 

highly efficient in extractive desulfurisation like ILs,
21-27

 would 
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form gelatinous matrix. Such ionic liquid gels (ILGs) combine 

the abilities of ILs with the ones of a solid-like phase, which 

could be easier to handle than a liquid one.
16, 28-32

 

Literature reports on ILs so far indicate that they are able to 

self-organise in conventional solvents, for example, surfactants 

and liquid crystals.
33

 However, in a binary mixture and under 

suitable conditions, a gel phase could be formed. So, one IL will 

be responsible for the fibrillary network formation, whereas 

the other one, present in excess, will be the immobilised 

phase.
20, 29, 30, 34

 

In all cases, important properties of ILs, like charge transport,
35

 

catalytic activity
36

 and electrical conductivity
36

 are improved. 

With all this in mind, we explored the possibility of using ILGs 

as sorbents for desulfurisation of fuels. For this purpose, we 

took into consideration gelation of some phosphonium and 

ammonium organic salts, namely the 

trihexyltetradecylphosphonium gluconate ([P6 6 6 14][Glu]), 

tetrabutylphosphonium gluconate ([P4 4 4 4][Glu]) and 

tetrabutylammonium gluconate ([N4 4 4 4][Glu])(Scheme 1) in 

aliphatic ILs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Structures of gelators, ILs and sulfur compounds used in this study. 

 

Recent reports have claimed the efficiency of phosphonium ILs 

in extractive desulfurisation of fuels.
37

 In our study, all gelators 

have the gluconate anion that is derived from natural sources 

and is known for its low toxicity.
38

  Moreover, the presence of 

hydroxyl groups should favour the formation of the 3D-

network of the gel phase. Finally, we preferred aliphatic 

cations over aromatic to minimise toxicity and enhance 

performance of our materials.
39

 Our gelators are characterised 

by the presence of alkyl chains of different length to assess the 

rȏle played by van der Waals interactions in determining the 

properties of gel phases.  

As solvents, [NTf2]
-
 ILs with various cation structures were 

chosen. In particular, the effects deriving from the presence of 

different alkyl chain lengths ([N2 2 2 4]
+
 and [N1 4 4 4]

+
), as well as 

cyclic cations with different size and flexibility ([C1C4pyrr]
+
 and 

[C1C4pip]
+
), were taken into consideration.  

After preliminary gelation tests, ILGs thus obtained were 

characterised determining the critical gelation concentration 

(CGC), i.e. the minimal amount of gelator needed to have gel 

formation and the temperature corresponding to gel-sol 

transition (Tgel). 

Gel phase formation was studied as a function of time, using 

opacity and resonance light scattering (RLS) measurements. 

Mechanical properties of soft materials were assessed by 

rheology investigation, whereas to deepen the understanding 

about the organisation and interactions involved in the 3D-

network, we performed 
1
H NMR investigation in the 
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temperature range 293-373 K and recorded FT-IR spectra of 

both ILs and ILGs. 

Soft materials were analysed also for their ability to self-repair 

after the application of external stimuli, such as magnetic 

stirring and ultrasound irradiation, whereas their morphology 

was observed by polarised optical microscopy (POM). After the 

determination of soft materials properties, we studied their 

utilisation for the removal of thiophene (T), benzothiophene 

(BT) and dibenzothiophene (DBT) from a hexane solution, a 

system frequently used to mimic liquid fuel.
40, 41

 To fulfil this 

aim, important parameters like temperature, adsorption time, 

volume and concentration of fuels, ability of multiextraction 

(mixture of S-compounds), contact surface area and the 

possibility of reusing the gel phase were analysed. Data 

collected show that our ILGs exhibit a good adsorption 

efficiency towards benzo- and dibenzothiophene that 

generally are more refractory to desulfurisation processes. 

Furthermore, our results also demonstrate that these sorbent 

systems may be reused for at least three cycles maintaining 

good levels of efficiency. 

 

Results and Discussion 

 

Synthesis of gluconate ionic liquids 

Our organic salts were prepared by equimolar acid-base 

reaction of the corresponding ammonium and phosphonium 

hydroxides with gluconic acid (Scheme 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Representation of synthetic procedure. 

 

In the case of [P6 6 6 14][Glu], the hydroxide was obtained by 

anion exchange on resin, using a procedure previously 

reported in literature.
33

 Full compound characterisation is 

reported in ESI. 

 

Thermal behaviour. The thermal behaviour of our salts was 

investigated by DSC and TGA measurements. Traces of heat-

cool cycles are reported in Figure S1.  

In all cases, in the heating cycle, we observed transitions that 

were ascribed to melting processes. The melting temperatures 

and enthalpies were determined from the maximum of the 

signal and its area, respectively. With the only exception of        

[P4 4 4 4][Glu], in the cooling cycle, we observed transitions 

ascribed to crystallisation process. In all cases, transitions 

observed were reproducible in the second cycle. 

In Table 1, the melting and crystallisation temperatures (Tm 

and Tc), corresponding enthalpies (∆Hm and ∆Hc) and entropies 

(∆Sm and ∆Sc) are reported. 

 

Table 1. Temperature and thermodynamic parameters associated with the melting and crystallisation processes (Tm, ∆Hm, ∆Sm, 

Tc, ∆Hc and ∆Sc) obtained by DSC measurements. Temperatures corresponding to the onset of decomposition (Td) obtained by 

TGA analysis. 

 

Salt Tm (°C) ∆∆∆∆Hm (J/g) ΔSm (J/g
 
K) Tc (°C) ∆∆∆∆Hc (J/g) ΔSc (J/g

 
K) Td (°C) 

[N4 4 4 4][Glu] 134.9 105.3 0.26 73.4 -86.4 -0.25 161.80 

[P4 4 4 4][Glu]  81.5 78.7 0.22 - - - 155.04 

[P6 6 6 14][Glu]  35.6 21.2 0.069 0.48
a
 -28.1

 a
 -0.10

 a
 172.51 

 
a
Obtained

 
from the second cycle 

 

Firstly, the comparison between Tm values measured for 

gluconate salts with the ones previously reported for the 

corresponding chloride salts (Tm = 52, 62 and -70 °C for 

[N4 4 4 4]Cl, [P4 4 4 4]Cl and [P6 6 6 14]Cl, respectively)
42, 43 

shows 

how the presence of gluconate anion induces a significant 
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increase in Tm, as a consequence of the increased ability to 

establish hydrogen-bonded networks. 

In general, Tm decreases on going from ammonium to 

phosphonium salts and, among the salts used, only 

phosphonium salts were able to behave as ILs, having Tm lower 

than 100 °C.
44

 This result indicates the rȏle played by the 

nature of the central atom of the cation (N or P) in 

determining the solid lattice organisation. Analysis of 

corresponding thermodynamic parameters shows that 

differences observed in Tm values are mainly due to the 

strength of cation-anion interactions rather than differences in 

the organisation of the solid lattice. Indeed, the most 

significant changes were detected in ∆Hm rather than in ∆Sm 

values. 

As expected, a shorter alkyl chain and symmetric structure 

determine a higher Tm for [P4 4 4 4][Glu] than for [P6 6 6 14][Glu]. 

Moreover, the lengthening of the alkyl chain gives rise to 

weaker cation-anion interactions and a lower organisation in 

the solid state. 

The melting of salts was also observed using POM. In all cases, 

melting gave rise to isotropic solutions, and interesting 

textures were exhibited during both heating and cooling cycles 

(Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. POM images corresponding to (a) [N4 4 4 4][Glu] at 120 °C, heating cycle; (b) [N4 4 4 4][Glu] at 115.8 °C, cooling cycle; (c) 

[P4 4 4 4][Glu] at 68.1 °C, heating cycle; (d) [P4 4 4 4][Glu] at 34.4 °C, cooling cycle; (e) [P4 4 4 4][Glu] at 43.8 °C, second heating cycle; 

(e) [P6 6 6 14][Glu] at 32.1 °C, heating cycle. 

 

For example, in the case of [N4 4 4 4][Glu], until 120 °C, the 

presence of discrete crystals was detected (Figure 1a). After 

melting, followed by cooling of the isotropic solution exhibited 

well organised and oriented spherulitic structures at 115.8 °C 

that persisted also at 36 °C (Figure 1b).  

A similar behaviour was observed for [P4 4 4 4][Glu]. Indeed, 

also in this case until 68.1 °C, the presence of coloured crystals 

was detected (Figure 1c). During the first cooling cycle at 34.4 

°C (Figure 1d), non-isotropic liquid was obtained with changes 

in the brightness and coloured crystals. In general, similar 

behaviours have been previously reported analysing melting 

processes of some N-alkylcaprolactam ILs.
45

 

However, the lengthening of the alkyl chain in the 

[P6 6 6 14][Glu], softens all the above phenomena and, until 32.1 

°C, we detected the occurrence of filamentary coloured 

structures (Figure 1f) that definitely disappeared after melting. 

As for the thermal stability of gluconate salts, the 

temperatures corresponding to the onset of decomposition 

(5% of weight loss; Td) are reported in Table 1 (Figure S2). 

Trend in Td values shows that, alkyl chain length being the 

same and thermal stability decreases on going from 

ammonium to phosphonium salts. On the other hand, for 

phosphonium salts, the lengthening of the alkyl chain induces 

a significant increase in thermal stability. 

 

Gelation tests and gel-sol transition temperature 

determination. The salts synthesised were tested for their 

gelling ability. For this, we used several solvents differing in 

polarity and viscosity, including organic solvents, oils, ILs and 

water (Table S1). 

To perform gelation tests, we applied the heating/cooling 

method. Firstly, the solvent plus gelator mixture was heated 

until a clear solution was obtained. Then, it was left staying at 

4 °C overnight. Using the tube inversion test,
46, 47 

we assessed 

the gel phase formation. 

(a) (b) (c) 

(e) (f) (d) 
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Salts were soluble at room temperature in protic polar 

solvents, such as alcohols and water. As far as oils are 

concerned, salts resulted soluble in hot olive oil, sweet corn oil 

and engine oil. Conversely, they were insoluble in silicone oil, 

mixed seed oil and diesel. Finally, as for low polar organic 

solvents, salts proved insoluble in hot cyclohexane. On the 

grounds of the above results, we decided to test their 

behaviour in IL solutions. 

In particular, paying attention to the environmental impact of 

solvents used, we favoured aliphatic rather than aromatic ILs 

using [N2 2 2 4][NTf2], [N1 4 4 4][NTf2], [C1C4pip][NTf2] and 

[C1C4pyrr][NTf2]. Salts showed different behaviour as a 

function of ILs used. [P6 6 6 14][Glu] exhibited the best gelling 

ability giving gels in all ILs tested. Differently, [P4 4 4 4][Glu] gave 

gel phases only in ammonium-based ILs, whereas [N4 4 4 4][Glu] 

gelled only in [N1 4 4 4][NTf2]. In all cases, we obtained white 

and thermoreversible opaque gels that resulted stable for at 

least four months (Figure 2). 

 

 

 

 

 

 

 

 

 

Figure 2. Picture of [P4 4 4 4][Glu]/ [N2 2 2 4][NTf2] ILG. 

 

For all gel phases, we determined the CGC and the Tgel that 

was firstly determined by the lead-ball method
48

 (Table 2). 

 

Table 2. CGC and Tgel-CGC corresponding to gel phases obtained. Tgel-6.5% wt, sol-gel temperature (Tc-6.5%wt), gel-sol and sol-gel 

enthalpy (∆Hm and ∆Hf) determined for gel phases at 6.5% wt by DSC measurements. 

 

 

IL Gelator CGC /wt% Tgel-CGC/°C
a
 

Tgel-6.5%wt /°C ∆∆∆∆Hm/Jg
-1b

 Tc-6.5%wt /°C ∆∆∆∆Hc Jg
-1b

 

[N2 2 2 4][NTf2] 

[P6 6 6 14][Glu] 3 29 
25

a
 

30.1
b
 

1.72 3.51 1.43 

[P4 4 4 4][Glu] 5 21 
22

a
    

 

 

 

[N1 4 4 4][NTf2] 

[P6 6 6 14][Glu] 5.5 23 
26

 a
 

18.2
b
 

44.6   

[N4 4 4 4][Glu] 5 20 
21

 a
 

13.7
b 

22.1   

 [P66614][Glu] 5.5 23 
26

 a
 

18.2
b
 

3.49 -5.76 0.94 

[C1C4pip][NTf2] [P66614][Glu] 5 25 
27

 a
 

20.9
b
 

1.41   

[C1C4pyrr][NTf2] [P66614][Glu] 5 25 
28

 a
 

24.6
b
 

2.46   

 
a
Determined by the lead-ball method.

48
 Tgel were reproducible within ± 1 °C. 

b
Determined by DSC.  

 

CGCs range 2-5.5% and Tgels at CGC change between 20 and 29 

°C. Taking into consideration our best gelator, [P6 6 6 14][Glu], 

we observed a significant increase in CGC on going from 

[N2 2 2 4][NTf2] to [N1 4 4 4][NTf2]. This is coupled with a decrease 

in Tgel. 

[P4 4 4 4][Glu] shows the opposite behaviour. The observed 

trend indicates a complementary effect operating between the 

IL and gelator’s alkyl chain length, probably ascribable to the 

extent of van der Waals interactions established in the 

gelatinous network. On the other hand, changing the 

geometry of IL cation, in the case of [C1C4pip][NTf2] and 

[C1C4pyrr][NTf2], does not affect the gelation ability. 

Finally, the different nature of gelator cation (ammonium or 

phosphonium) significantly affects gelling ability, as accounted 

for by the increase in CGC and decrease in Tgel detected on 

going from [N4 4 4 4][Glu] to [P4 4 4 4][Glu]. 

Tgels were also determined at the common concentration of 

6.5% wt to draw a comparison among different soft materials 

obtained (Table 2). The same concentration was used to 

perform the full gel characterisation. In this case, 

measurements were carried out using both DSC and the lead-

ball method.
48

 These two methods observe different 

situations, i.e. the initial loss of consistency of the gelatinous 

network, in the case of the lead-ball method, and its complete 

breakdown in the case of DSC investigation (Figure S3). 

Comparison with Tgel collected at the CGC shows that the 

increase in concentration barely affects this parameter. 

Furthermore, in most cases, Tgel-6.5% wt determined by DSC were 

lower than the ones detected by the lead-ball method. 

We were unable to obtain the DSC thermogram of 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2] gel due to instrumental limitation. 

On the other hand, in the cases of [P6 6 6 14][Glu]/[N2 2 2 4][NTf2] 
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and [P4 4 4 4][Glu]/[N2 2 2 4][NTf2], during the cooling cycles, gel 

phase formation was observed. In both cases, Tc-6.5% wt were 

significantly different from the melting temperature, indicating 

that hysteresis phenomena occured. 

Gel transition temperatures were obtained by DSC range from 

13.7 up to 30.1 °C. In general, trends detected for Tgel-6.5% wt 

perfectly recall those above discussed for CGCs. Indeed, as far 

as gels in [N1 4 4 4][NTf2] are concerned, temperature decreases 

on going from [P4 4 4 4][Glu] to [P6 6 6 14][Glu]. 

Finally, DSC measurements account for an effect deriving from 

the geometry of IL cation, as demonstrated by the increase in 

Tgel-6.5% wt on going from [P6 6 6 14][NTf2]/[C1C4pip][NTf2] to 

[P6 6 6 14][Glu]/[C1C4pyrr][NTf2]. 

POM investigation of gels. Full gel characterisation was 

performed using 6.5% wt of gelator. Firstly, morphology of 

ILGs was observed as a function of temperature by POM. For 

all gel phases, heating at a much higher temperature than the 

melting one gave isotropic solutions. In all cases, as a 

consequence of the thermoreversibility of materials, cooling of 

isotropic solutions at room temperature allowed observing the 

appearance of aggregates featuring the gel phase. In Figure 3, 

POM images collected for gels obtained as a function of 

different gelators and ILs, are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. POM images of ILGs at 6.5% wt of gelator for: (a) [N4 4 4 4][Glu]/[N1444][NTf2] at 25.7 °C on heating; (b) 

[N4 4 4 4][Glu]/[N1 4 4 4][NTf2] 35.7 °C on cooling; (c) [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] at 24.4 °C on heating; (d) 

[P4 4 4 4][Glu]/[N1 2 2 2][NTf2] at 23.1 °C on heating; (e) [P6 6 6 14][Glu]/[N1 4 4 4][NTf2] at 28.8 °C on cooling; (f) 

[P6 6 6 14][Glu]/[N2 2 2 4][NTf2] at 23.1 °C on heating; (g) [P6 6 6 14][Glu]/[C1C4pip][NTf2] at 21.3 °C on heating; (h) 

[P6 6 6 14][Glu]/[C1C4pyrr][NTf2] at 21.3 °C on heating. 

 

Images in Figure 3 point out the relevance of gelator nature in 

affecting gel morphology. Indeed, ammonium salt gives more 

compact texture than phosphonium ones, as accounted for by 

the comparison among POM images recorded for 

[N4 4 4 4][Glu]/[N1 4 4 4][NTf2], [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] and 

[P6 6 6 14][Glu]/[N1 4 4 4][NTf2] (Figures 3a, c and e). Surprisingly, 

cooling of [N4 4 4 4][Glu]/[N1 4 4 4][NTf2] allowed observing the 

presence of strongly coloured crystallites already at 35.7 °C 

(Figure 3b). 

(a) (b) (c) 

(d) (e) 
(f) 

(g) (h) 
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On going from ammonium to phosphonium gelators, 

morphology changed from a thick to fibrous texture. The 

presence of fibers just sketched for [P4 4 44][Glu] – based ILGs, 

appeared clearly visible in the case of [P6 6 6 14][Glu] (Figures 3c, 

e). 

The different nature of ILs also affects ILGs network 

organisation. Both in the case of [P4 4 4 4][Glu] and 

[P6 6 6 14][Glu], a transition from a fibrous to a thick texture was 

detected on going from a more to a less viscous IL 

([N1 4 4 4][NTf2] and [N2 2 2 4][NTf2]) (Figures 3c-d and 3e-f). 

Finally, morphology also changed on going from acyclic to 

cyclic ammonium cation of IL, as accounted for by the 

comparison among POM images collected for [P6 6 6 14][Glu] in 

different ILs. Indeed, the presence of piperidinium or 

pyrrolidinium cation in the solvent, clearly favoured the 

occurrence of a mixed network featured by the presence of 

both fibrous and spherulitic motifs (Figures 3g-h). The latter 

ones appeared predominant for 

[P6 6 6 14][Glu]/[C1C4pyrr][NTf2]. 

 

Self-repairing ability. ILGs phases were also tested for their 

self-repairing ability, i. e. the ability to repair after the action of 

external stimuli. In particular, we took in consideration their 

ability to respond to the action of magnetic stirring or 

ultrasound irradiation, in order to assess their thixotropic or 

sonotropic behaviour, respectively. 

Thixotropic behaviour has been largely investigated in the case 

of both organo- and hydrogels.
49, 50

 Sonotropy has been much 

less investigated.
15, 51, 52

 However, both abilities were recently 

reported for ILGs.
29, 31, 32, 34

 Our
 
data are displayed in Table 3.

 

 

Table 3. Thixotropic and sonotropic behaviour of ionogels at 

6.5% wt. 

 

IL Gelator Thixotropic Sonotropic 

[N2 2 2 4][NTf2] [P6 6 6 14][Glu] Yes Stable* 

[P4 4 4 4][Glu] Yes No 

[N1 4 4 4][NTf2] [P6 6 6 14][Glu] Yes Yes 

[P4 4 4 4][Glu] No Yes 

[N4 4 4 4][Glu] Yes Yes 

[C1C4pip][NTf2] [P6 6 6 14][Glu] Yes Yes 

[C1C4pyrr][NTf2] [P6 6 6 14][Glu] Yes Stable* 

*= after 5 min of sonication, the gel phase persists. 

 

As far as thixotropic behaviour is concerned, with the only 

exception of [P4 4 4 4][Glu]/[N1 4 4 4][NTf2], all gel phases proved 

to be able to positively respond to the action of mechanical 

stimulus. In contrast, for the sonotropic behaviour, we 

obtained different results. Indeed, in the case of 

[P6 6 6 14][Glu]/[N2 2 2 4][NTf2] and 

[P6 6 6 14][Glu]/[C1C4pyrr][NTf2], gel phases were stable to 

ultrasound irradiation. Conversely, [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] 

didn’t show sonotropic behaviour. 

Interestingly, soft materials formed after mechanical or 

sonochemical disruption exhibited reproducible Tgel, allowing 

us to state once more their reversibility. 

 

Rheology measurements. Mechanical properties of ILGs were 

analysed performing strain sweep measurements at 1Hz 

frequency (Figure 4 and S4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Strain sweep measurement at f = 1Hz for 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2] at 6.5 wt %. 

 

However, in some cases, namely for 

[P6 6 6 14][Glu]/[N2 2 2 4][NTf2], [P6 6 6 14][Glu]/[C1C4pyrr][NTf2] 

and [P6 6 6 14][Glu]/[C1C4pip][NTf2], we were unable to perform 

rheology measurements because the gels were too soft and 

were disintegrated before obtaining reliable data. 

In all strain sweep, G’ was higher than G’’ at low values of 

strain, indicating a solid-like behaviour, and G’ < G’’ at higher 

strains, indicating liquid-like behaviour. These observations 

support the gel nature of our samples.
53

 

To have a measure of the gel strength, we determined the 

crossover point of yield strain (γ; i. e. where G’’ becomes equal 

to G’) that represents the level of stress needed to detect the 

flow of materials. In general, the increase in gel strength 

induces a corresponding increase in γ values (Table 4). 

 

Table 4. Yield strain (γ) values determined at 1Hz frequency 

and 25 °C for ILGs at 6.5 wt%. Error limits are based on an 

average of three different measurements. 

 

Ionogel Yield Strain γ (%) 

[N4 4 4 4][Glu]/[N1 4 4 4][NTf2] 0.40 ± 0.01 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] 0.37 ± 0.02 

[P6 6 6 14][Glu]/[N1 4 4 4][NTf2] 25.28 ± 0.1 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2] 2.46 ± 0.01 
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Analysis of data collected allows drawing some conclusions 

about the effect of gelator and IL structure on mechanical 

properties of gel phases. Indeed, gel phases obtained in 

[N1 4 4 4][NTf2], γ increases along the order: [N4 4 4 4][Glu] ~ 

[P4 4 4 4][Glu] << [P6 6 6 14][Glu], evidencing a scarce relevance of 

the nature of the cation (ammonium or phosphonium). 

Differently, for phosphonium ILGs, a significant effect was 

detected as far as the elongation of the alkyl chain on the 

cation was taken into consideration. The observed trend 

reverses the one we detected for the size of the aggregates 

(see later) and indicates that ILGs with better mechanical 

response were obtained, maybe due to the presence of 

smaller aggregates. 

On the other hand, as for [P4 4 4 4][Glu], γ increases on going 

from [N1 4 4 4][NTf2] to [N2 2 2 4][NTf2]. Once again, ILG showing 

better resistance to flow is characterised by the presence of 

smaller aggregates (see later). Furthermore, in this case, the 

different mechanical responses of ILGs seem also to comply 

with the marked differences detected in morphology of 

gelatinous networks (spherulitic for 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] and thick texture for 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2]). 

Opacity and RLS measurements. ILGs formation was 

investigated using opacity and RLS measurements at 20 °C. 

Opacity, which is measured by the means of UV-vis 

spectroscopy, gives information about crystallinity of soft 

materials, reading the absorbance values at 568 nm.
54

 

Differently, RLS is a special elastic scattering that originates 

from fluctuation of the solution refractive index.
55, 56

 It allows 

determining the presence of aggregates in solution and gives 

insights about their size. Indeed, other factors being constant, 

RLS intensity (IRLS) is directly proportional to the square of 

molecular volume of aggregates.
57, 58

 

The kinetics of the gelatinous network formation (tg) was 

determined using both opacity and RLS measurements. Plots 

of absorbance and IRLS values as a function of time are 

reported in Figure 5 and S5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Plots of (a) absorbance at 568 nm; (b) IRLS as a function of time for [P4 4 4 4][Glu]/[N1 4 4 4][NTf2], at 20 °C and 6.5% wt of 

gelator. 

 

 

In most cases, we detected the gel phase formation in the 

quartz cuvette, as assessed by the tube inversion test 

(Figure 4b).
46, 47

 Only for [P6 6 6 14][Glu]/[N2 2 2 4][NTf2] and 

[P6 6 6 14][Glu]/[C1C4pyrr][NTf2], gel phase formation at 20 °C 

was too slow to perform a kinetic investigation. 

Analysis of RLS plots evidences that in some cases: 

([P4 4 4 4][Glu]/[N1 4 4 4][NTf2], [P6 6 6 14][Glu]/[N2 2 2 4][NTf2], 

[P6 6 6 14][Glu]/[C1C4pip][NTf2]), gelation process occurs via a 

two-step mechanism. We firstly observed a sudden IRLS 

increase until reaching a maximum value, after which its 

gradual decrease was detected to reach a constant value (Ig).  

To compare different gel phases and analyse the effect of both 

gelator and IL structural features on the gelation process, we 

paid attention to gelation time (tg), corresponding RLS value 

(IRLS ) and opacity (Ag) (Table 5). 

 

 

 

 

 

 

 

 

(a) (b
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Table 5. Gelation time (tg), RLS intensity (IRLS) and opacity (Ag) of ionogels 

Ionogel IRLS / a. u. tg /s  Ag at 568 nm 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2] 400 2000 0.8 

[P6 6 6 14][Glu]/[N1 4 4 4][NTf2] 370 1900 1.15 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] 580 1500 1.3 

[N4 4 4 4][Glu]/[N1 4 4 4][NTf2] 470 3800 1.5 

[P6 6 6 14][Glu]/[C1C4pip][NTf2] 420 1400 1.3 

 

The comparison between data collected for [N4 4 4 4][Glu] and 

[P4 4 4 4][Glu] in [N1 4 4 4][NTf2] accounts for a decrease in the 

size of the aggregates on going from phosphonium to 

ammonium salts. 

Interestingly, the IL nature also plays a role. Indeed, the data 

pertaining to phosphonium salts indicate that the occurrence 

of a more organised structure is favoured by an increase in 

solvent viscosity (moving from [N2 2 2 4][NTf2] to [N1 4 4 4][NTf2], 

η = 104.1 and 538.9 cP, respectively)
59, 60

 and in the 

organisation of the cation structure (on going from 

[N1 4 4 4][NTf2] to [C1C4pip][NTf2]). Same trend is observed for 

the opacity measurements with less pronounced differences. 

As for the gelation time (tg), the data collected shed light both 

on the role played by the gelator and IL nature. In general, gel 

formation occurs faster for the phosphonium compared to the 

ammonium salts. Taking into consideration the phosphonium 

salts, the lengthening of the alkyl chain, on going from 

[P4 4 4 4][Glu] to [P6 6 6 14][Glu], slows down the process. 

Probably, this is a consequence of the higher conformational 

freedom of the alkyl chain that makes more difficult the 

organisation of the 3D network. On the other hand, the IL 

nature also plays a role in determining the rate of gel phase 

formation, as accounted for by the significant drop in tg on 

going from [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] to 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] and the one observed comparing 

the data relevant to [P6 6 6 14][Glu]/[N1 4 4 4][NTf2] and 

[P6 6 6 14][Glu]/[C1C4pip][NTf2]. 

 

1
H NMR spectroscopy measurements. To have better insights 

on the driving forces for the self-assembly of our gelators in 

ILs, we performed a 
1
H NMR investigation at variable 

temperatures. In this case, to have detectable signals, we used 

a gelator concentration much higher than the CGC (12% wt.) 

and a temperature range between 293 and 373 K. 

NMR spectroscopy has been widely used to characterise gel 

phases as it represents a valuable method to understand how 

gelators assemble to give fibrillar architectures.
61, 62

 In general, 

as a consequence of reduced transversal relaxation time of 

aggregates featuring gel phase, gelator peaks are often 

broadened and hidden under the baseline. Additionally, 

breakdown of gel network, as a consequence of a 

concentration decrease or raise in temperature, makes visible 

the above signals and also induces a chemical shift variation. In 

particular, temperature changes provide information about 

the supramolecular forces involved in the aggregation and 

nanoscale assembly.
63

 

In Figures 6 and S6, 
1
H NMR spectra as a function of 

temperature, for all gel phases, are reported. 

A first look at the spectra evidences how main resonances can 

be ascribed to the protons of the IL used as a solvent (Figure 

S6). Obviously, a temperature increase induces a 

corresponding increase in the resolution of signals without 

affecting chemical shift values. However, a deep examination 

of the region between 4.4 and 2.7 ppm allows detection of the 

presence of some resonances that, as the temperature 

increases, become more resolved and also show pronounced 

changes in chemical shift. 
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Figure 6. (a) Enlarged region of 
1
H NMR spectra of [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] at 12% wt of gelator as a function of temperature 

(magenta marker for Hb; brown marker for Hc, red marker for Ha and blue marker for Hd). (b) Anion structure with labeled 

protons. The larger peaks on the extreme right are due to the alkyl chains of [N2 2 2 4][NTf2] 

 

 

 

 

To identify the above resonances, we recorded 
1
H NMR 

spectrum of a dilute solution of [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] in 

the same temperature range (3% wt; Figure S7). Obviously, the 

use of gelator concentration lower than CGC prevents gel 

phase formation, even though the presence of aggregates 

could not be ruled out. 

Analysis of the above spectra evidences how also, in this case, 

signal resolution increases with a raise in temperature. In 

particular, the spectrum obtained at 338 K shows a signal at 

3.51 ppm, which is assigned to Hb protons, whereas the signal 

at 3.31 ppm - to Hc protons and the signal at 3.16 ppm - to Hd 

protons. Integration of these signals is consistent with this 

assignment. 

In particular, Hb and Hd exhibited downfield shift; whereas Hc 

showed upfield shift. In all cases, the highest chemical shift 

changes were detected for Hc. According to previous reports,
64

 

the last upfield shift, as a consequence of gel melting, accounts 

for the involvement of hydroxyl groups in hydrogen bond 

formation in the gel network.  

With the only exception of [N4 4 4 4][Glu]/[N1 4 4 4][NTf2], the 

above changes were linearly correlated with temperature 

(Figure S8). In the above case, we observed an upfield shift 

until 338 K. Chemical shift stayed constant above this 

temperature. 

Linear regression analysis was performed according to 

Equation (1): 

 

δHc = m1 x T + m2   eq.(1) 

where m1 and m2 represent the intercept and slope of the 

linear correlation. In particular, the absolute values of slope 

can be considered as a measure of how easily supramolecular 

interactions can be broken in the gel network. Higher values 

should account for a weaker fibrillar network. These values are 

reported in Table 6. 

 

Table 6. Correlation parameters corresponding to chemical shift variation as a function of temperature for the Hc of the 

gluconate anion, according to Equation (1), where R = correlation coefficient. 

 

Ionogel 10
3
 · (m1 ± δm1) m2 ± δm2 R 

[P6 6 6 14][Glu]/[N1 4 4 4][NTf2] -4.56 ± 0.30 4.64 ± 0.09 0.991 

[P6 6 6 14][Glu]/[N2 2 2 4][NTf2] -1.12 ± 0.12 3.78 ± 0.04 0.982 

[P6 6 6 14][Glu]/[C1C4pyrr][NTf2] -5.33 ± 0.40 4.84 ± 0.12 0.992 

[P6 6 6 14][Glu]/[C1C4pip][NTf2] -4.43 ± 0.32 4.56 ± 0.10 0.989 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] -4.75 ± 0.12 4.71 ± 0.04 0.999 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2] -6.01 ± 0.58 5.09 ± 0.19 0.982 
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On the grounds of the above considerations, 

[P6 6 6 14][Glu]/[N2 2 2 4][NTf2] should be featured by the 

strongest interactions and the above result perfectly agrees 

with the highest Tgel-6.5%wt measured for the above gel phase. 

Analysis of slope of these graphs indicates the strength of the 

supramolecular forces operating in the gel phase. It is affected 

by the structure of IL cation (data collected for [P6 6 6 14][Glu]), 

with significant changes detected both as a function of its 

geometry ([C1C4pyrr]
+
 and [C1C4pip]

+
) and of the alkyl chain on 

the nitrogen ([N1 4 4 4]
+
 and [N2 2 2 4]

+
). According to previous 

reports,
65, 66

 the above trend can be ascribed to changes in 

viscosity of ILs used (η = 84.33 and 255 cP for [C1C4pyrr][NTf2] 

and [C1C4pip][NTf2], respectively; η = 104.1 and 538.9 cP, for 

[N2 2 2 4][NTf2] and [N1 4 4 4][NTf2], respectively).
59, 60, 67

 

Furthermore, analysis of the data collected for phosphonium 

gelators indicates that changes in the gelator structure 

significantly affect the strength of the interactions operating in 

the gel network only in less viscous solvents. Indeed, on going 

from [P4 4 4 4][Glu] to [P6 6 6 14][Glu], significant differences in 

slope values were detected only for [N2 2 2 4][NTf2] ionogels. In 

the above cases, the presence of longer alkyl chains in 

[P6 6 6 14][Glu], induces a strengthening of the gel network 

probably due to the increase in van der Waals interactions. 

 

FT-IR measurements. ILGs were also analysed performing FT-

IR studies. In particular, this technique has been used to probe 

hydrogen bond interactions between the molecular building 

blocks, proving to be useful when –CO, -NH and –OH groups 

feature the gelator.
68, 69

 Figures 7 and S8 display FT-IR spectra 

for gelators, ILs and ILGs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) FT-IR spectra for neat [P4 4 4 4][Glu], [N1 4 4 4][NTf2] and [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] ILG at 6.5 % wt. (b) Changes in 

stretching frequencies (∆ν) on going from gelator to gel phase. 

 

In general, we considered the range 3550-3150 cm
-1

 (OH 

stretching) and at ~ 1650 cm
-1

 and 1400 cm
-1

 (COO
-
 stretching) 

in order to avoid interfering IL absorption bands. In all cases, 

changes observed in frequencies of hydroxyl and carboxyl 

groups were significant and according to data collected by 

using NMR investigation; this points out the relevance of 

hydrogen bond in favouring the formation of gel network. 

Interestingly, shifts detected were affected by gelator nature. 

Indeed, the highest changes were observed for [P4 4 4 4][Glu] 

and the lowest for [P6 6 6 14][Glu] (Figure S9 and Table S2). 

Furthermore, in the case of [P4 4 4 4][Glu] and [N4444][Glu], the 

highest changes in ∆ν were detected for hydroxyl group 

stretching. On the contrary, in the case of [P66614][Glu], more 

significant variations  were measured for carboxyl group 

stretching.  

 

Use of ILGs for the desulfurisation of fuels. In this respect, 

hexane was chosen as the model fuel substitute. As 

contaminants, thiophene (T), benzothiophene (BT) and 

dibenzothiophene (DBT) were selected. Standard solutions of 

T, BT and DBT in hexane were prepared (500 µL) and put in 

contact with gel phases (250 mg) at 6.5% wt of gelator. In 

particular, we used only gels formed by [N4 4 4 4][Glu] and 

[P4 4 4 4][Glu]. Due to high solubility of [P6 6 6 14][Glu] in hexane, 

it was deemed unsuitable. ILGs used were stable in contact 

with the hexane solution with no contamination of hexane by 

ILGs, as accounted for by both HPLC and 
1
H NMR spectroscopy 

(b) 

(a) 
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(Figure S10). Indeed, in both cases we didn’t observe signals 

corresponding to ILG components. Furthermore, after the 

complete removal of hexane phase, we didn’t determine 

significant changes in the ILGs weight.  

Initially, to evaluate the adsorption ability of our soft 

materials, contact times of 24 and 48 h were used and the 

adsorption efficiency (AE) was determined using Equation (2): 

 

AE = (C0-Cf)/C0     eq.(2) 

 

where C0 and Cf represent the concentration of the sulfur 

compound before and after the contact with the gel phase, 

respectively. To compare, the above tests were also performed 

using pure ILs (Figure 8 and Table S3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Adsorption efficiency (AE) of sulfur compounds on ILGs [6.5% wt of gelator] and corresponding ionic liquid solvents (in 

ILGs) at 20 °C. Blue columns = 24h; red columns= 48h 

 

Analysis of the data collected for ILs gives different trends as a 

function of solvent nature. AE stayed constant in the case of 

[N2 2 2 4][NTf2], whereas it significantly increased on going from 

24 up to 48 h for [N1 4 4 4][NTf2]. Furthermore, two different 

scenarios can exist depending on the nature of the substrate. 

Taking into consideration values collected at 24 h, AE for T 

significantly increased on going from [N1 4 4 4][NTf2] to 

[N2 2 2 4][NTf2]. This is in parallel with the IL viscosity drop, 

according to a previous report that indicates the above 

parameter as the key factor in desulfurisation of fuels by ILs.
70

 

In the case of BT and DBT, less pronounced differences were 

detected. 

A decrease in AE, at 24 h, was detected on going from ILs to 

the corresponding ILGs for [P4 4 4 4][Glu]/[N2 2 2 4][NTf2]/T, 

[N4 4 4 4][Glu]/[N1 4 4 4][NTf2]/DBT and [P4 4 4 4][Glu]/ 

[N1 4 4 4][NTf2]/DBT systems (Figure 8). In all other cases, the 

above parameter stayed constant or increased. At longer times 

(48 h), in most cases, performance of ILGs resulted comparable 

or better than the ones of ILs, evidencing the positive role 

exerted by the presence of the phosphonium or ammonium 

gelators in the mixture. The above results agree with the good 

efficiency of phosphonium ILs in performing extractive 

desulfurisation of fuels recently assessed by Zolfigol and 

coworkers
37, 71

. 

These preliminary tests clearly indicate the ability of our 

systems to act as sorbent systems in desulfurisation of fuels, 

showing good performance also towards sulfur compounds 

like BT and DBT. This represents the first advantage with 

respect to the adsorption systems so far reported.
2, 72

 Indeed, 

the above compounds are widely known as refractory to the 

removal by adsorption and this is one of the reasons why this 

methodology has been partially used previously in 

desulfurisation of fuels.
21

  

Encouraged by the above results, we firstly analysed the 

temperature effect. To examine this, 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2]/T and 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2]/T systems were considered and 

adsorption tests at 30 °C for 24 h (Table S3) were performed. 

The AE value stayed constant in the first case, while in the 

second case, it was higher than the corresponding one at 20 °C 

and 24 h. However, if we consider a longer contact time (48 h), 

raising the temperature results in a lower AE. Previous reports 

evidence that the temperature barely affects the extraction 

ability of ILs.
73

 This information, together with results 
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collected, induces us to carry out investigation at 20 °C, also to 

limit the energy demand of the process. 

The next evaluation was the determination of the optimum 

time needed to obtain the highest AE value for 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2] and [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] 

ILGs (Figure 9 and Tables S4-S5). These systems were chosen 

as model ILGs to study the performance of our soft materials. 

Indeed, both systems showed a similar behaviour as far as T is 

concerned, but very different efficiencies for BT and DBT. 

As far as [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] IGL system is concerned, 

plot of AE as a function of time sheds light on the better 

efficiency of this system in adsorbing T from hexane solution 

compared to BT and DBT (Figure 9a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Plots of AE of sulfur compounds as a function of time for (a) [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] (Inset: picture of the 

adsorption system) and (b) [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] at 20 °C and at 6.5% wt of gelator. 

 

On the contrary, in the case of [P4 4 4 4][Glu]/[N1 4 4 4][NTf2], 

smaller differences were detected as a function of time (Figure 

9b). The compatibility between our gels and sulfur compounds 

is structure dependent. Therefore, the above differences can 

be ascribed to diversity in porosity of ILGs, as a consequence of 

the different organization of gel networks. On this subject, it is 

well known that supramolecular gels are able to perform 

molecular recognition
74

 and this should explain why extraction 

time differently affects the adsorption of sulfur compounds. 

In general, the comparison among the AEs detected for two 

ILGs evidences better performance for 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2], probably as a consequence of the 

lower viscosity of the IL used as solvent. 

After 7h of contact, all systems gave the highest AE. 

Consequently, we used this contact time to study a more 

realistic situation, taking into consideration mixtures of three 

sulfur compounds (Tables S6). 

In general, AE measured for a total sulfur concentration of 

1500 ppm, was surprisingly higher for the mixture of 

contaminants in comparison to individual component solutions 

(Figure 10 and Table S6), evidencing that the simultaneous 

presence of aromatic hydrocarbons exerts a synergetic effect 

on the adsorption process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Comparison of AE, determined at 20 °C, for solution of single compounds and mixed solutions of sulfur compounds (C 

= 1500 ppm) corresponding to (a) [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] and (b) [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] at 6.5% wt of gelator. 
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At present, the exact nature of this synergetic effect is not well 

understood. Interestingly, the most relevant effect was 

detected in the case of BT and DBT that generally show high 

resistance towards removal by both extractive and oxidative 

methods.
21

 Furthermore, as real fuels might also contain a 

fraction of aromatics, we tested the stability of ILGs to the 

contact with benzene solution in hexane at different 

concentrations (500 and 2000 ppm). Once again, we didn’t 

observe contamination of fuel by the ILG components (Figure 

S11). 

To further deepen the knowledge of the systems used, we also 

analysed key parameters determining the outcome of 

adsorption processes, such as concentration of the sulfur 

compounds in the fuel and its volume. We changed the 

concentration from 900 to 3000 ppm (Table S8). The data 

collected show that, both ILGs had better performance when 

they acted on more concentrated solutions. Indeed, in all 

cases, AE increased in parallel with concentration. 

Interestingly, the concentration effect depends on the gel 

nature, as accounted for more drastic changes in AE detected 

in the case of [P4 4 4 4][Glu]/[N1 4 4 4][NTf2] compared to 

[P4 4 4 4][Glu]/[N2 2 2 4][NTf2]. 

As stated above, among the factors analysed, we also took into 

consideration the effect of a different fuel volume. For this, 

using 250 mg of gel phase and mixed solutions at 1500 ppm, 

we changed the volume from 300 µL up to 700 µL (Table S8). 

Interestingly, we observed that our gel phases stayed stable 

even after doubling the volume. However, in the analysed 

range, the volume of fuel did not affect the performance of gel 

phases. AE values stayed constant or showed small changes on 

going from 300 up to 500 µL. A decrease in the above 

parameter was detected only using 700 µL of fuel. 

From the operational point of view, another important factor 

may be the contact surface area between fuel and gel phase. 

For this, bearing in mind that our gel phases could be used as 

stationary phases of columns, we changed the diameter of the 

vial keeping constant the ratio between the volume of the fuel 

and the mass of the gel phase [Vfuel (µL)/mgel (mg)= 2; Table 

S9]. For both systems, we observed a decrease in AE with the 

increase in the contact surface area that was more significant 

in the case of [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] compared to 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2], indicating that sorbents studied 

probably will work better in longer than in broader columns. 

Finally, we assessed the possibility of reusing our adsorption 

systems. After removal of the fuel, we verified the gel nature 

of our samples by the tube inversion test
46, 47

 and we put in 

contact the sulfur compounds laden gel with a fresh portion of 

the fuel. We tried to reuse the ILGs 3-4 times and, in the above 

conditions, [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] and 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] retained 40% of their adsorption 

ability (Figure 11 and Table S10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Cycles of reusing performed at 20 °C (C = 1500 ppm) corresponding to (a) [P4 4 4 4][Glu]/[N2 2 2 4][NTf2] and (b) 

[P4 4 4 4][Glu]/[N1 4 4 4][NTf2] at 6.5% wt of gelator. 

 

 

Here, a comparison with other sorbent systems previously 

reported in literature is mandatory. Unfortunately, the lack of 

data concerning the use of supramolecular gels as sorbent 

systems for desulfurisation of fuels does not allow the direct 

comparison. Notwithstanding the above premises, some 

relevant examples of adsorption systems recently published 

are reported in Table 7.
75-81

 Obviously, the proposed list is 

limited, also because a comprehensive review of data 

previously reported is out of our scope. 
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Table 7. AE (%) for sorbent systems previously reported in literature. 

 

Sorbent System AE (%) 

Metal nanoparticles on activated carbon
77

 T: 10-50 

BT: 10-50 

DBT: 70-90 

NaY and NiY Zeolites
75

 BT: 59 and 75 

Bamboo-derived biochairs
80

 BT: 60 

Acid treated activated charcoal
78

 DBT: 90 

Molybdenum containing ordered mesoporous silica
81

 BT and DBT: 90 

[P4 4 4 4][Glu]/[ N2 2 2 4][NTF2]
a
 T: 60 

BT and DBT: 80 

[mim(CH2)4SO3H][Tos]
76

 T: 38 

BT: 50 and DBT: 52 

[C4mim][SCN]
79

 DBT: 66.1 

[N1 4 4 4][CH3SO3]
79

 DBT: 61.9 

[C6mim][BF4]
79

 DBT: 53.5 

[C1C4pyrr][NTf2]
82

 T: 40 

BT: 40  

DBT: 47 

[C1C4pip][NTf2]
83

 T: 60 

BT: 64 

DBT: 58 
a
This work; AE values were reproducible within ± 2 %. 

 

In general, proposed systems work in a contact time ranging 

from 5 min up to 6 h and in temperature range 25-35 °C.  The 

data reported in Table 7 are well in line with the ones 

previously reported in literature and in some cases, they also 

prove more efficient than single ionic liquid systems. 

Moreover, our system is devoid of any heavy metals.  

The advantage of using ILGs compared to simple ILs is that in 

most cases, AE values prove comparable or better than the 

ones obtained using ILs as extraction phases. Similarly, to our 

ILGs, ILs are frequently reused for 3-4 times. However, the self-

supporting and highly porous nature of ILGs could allow an 

easier handling of sorbent systems and a lower loss of cleaning 

materials compared to liquid-liquid systems, also taking in 

consideration the very low solubility of ILG components in the 

fuel. 

Conclusions 

In order to identify novel materials with green environmentally 

friendly components in them for desulfurisation of fuels, we 

explored the possibility of using supramolecular gels as 

sorbent systems. Conjugating properties of ILs already known 

as efficient systems in extractive desulfurisation processes, 

with the ones of gluconate-based ammonium and 

phosphonium salts, we obtained novel ILGs. Salts used as 

gelators behave themselves as ILs and are based on a 

renewable sugar able to give a thick network of hydrogen 

bonds. To the best of our knowledge, this is the first report 

that studies such kind of systems in adsorption processes 

aimed at lowering the level of sulfur compounds in fuels. 

Serendipitously, these systems were able to remove about 70-

80 % of BT and DBT that generally are claimed as refractory 

compounds in desulfurisation. When a mixture of sulfureous 

contaminants was present in the fuel, a synergetic effect was 

observed with respect to their removal. 

Currently, the exact mechanism of adsorption process is not 

known. On the grounds of previous reports about the use of 

glyceryl-functionalised ILs in desulfurisation of fules,
37

 we 

presume a pivotal role played by hydroxyl groups of gluconate 

anion in interacting with sulfur compounds, favouring their 

adsorption. However, we reserve a future and detailed 

investigation on this aspect and also on the complete removal 

of sulfur compounds from ILGs, possibly utilising catalytic 

photodegradation
84

 or cavitation.
85

 

Our approach proves highly versatile, as ILGs are formed by 

binary mixture of ILs and this paves the way to test a number 

of combinations.  

With all this in mind, our future goal is to use these ILGs in flow 

systems where the ILGs comprise the stationary phase and 

then to optimise all structural and operational parameters that 

would culminate their performance. 

Experimental 

 

Materials. D-gluconic acid aqueous solution (49-53 wt. % in 

H2O), trihexyltetradecylphosphonium chloride, 

tetrabutylphosphonium hydroxide solution (40 wt. % in H2O), 

tetrabutylammonium hydroxide solution (40 wt. % in H2O), 

[C1C4pyrr]Cl, [C1C4pip]Cl, [N2 2 2 4]Cl, [N1 4 4 4]Cl and 
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bis{(trifluoromethyl)sulfonyl}amide lithium salt were 

purchased and used without further purification. 

Ethanol, methanol were purchased and used without further 

purification. 

Mass spectrometric measurements. ESMS-mass spectrometric 

measurements were carried out on a Waters ICI Premier 

instrument with an Adylon Trìversa NanoMate injection 

system (cone voltage 50 V, source 120 °C). Both positive and 

negative ions were detected. For each sample was prepared a 

solution using methanol as solvent. 

Differential scanning calorimetry. DSC measurements were 

carried out using a Q20 instrument calibrated using indium as 

standard and TA Instruments Modulated DSC Q 2000 V24.4 

Build 116 with a refrigerated cooling system RCS 90 capable of 

controlling the temperature down to 220 K. Samples were 

weighed and hermetically sealed in aluminum pans. Heating 

and cooling rates were 10 °C min
-1 

for the salts samples and 5 

°C min
-1

 for the gels experiments. The maximum heating 

temperature was varied in dependence on the thermal 

stability of the sample, instead, the minimum cooling 

temperature was set in dependence on the instrument at -10 

°C under nitrogen atmosphere. Two heat-cool cycles were 

performed for each sample. 

Thermogravimetric analysis. Thermogravimetric analysis was 

performed using TGA/DSC thermogravimetric analyser from 

Mettler-Toledo, Inc. The samples were measured in alumina 

crucibles, at a heating rate of 5 K min
-1

 under a nitrogen 

atmosphere. The onset of the weight loss in each thermogram 

was used as a measure of the decomposition temperature 

(point at 5 wt% loss of the sample).  

POM measurements. The POM images of the salts and the gel 

phases were recorded using an Olympus BX50 microscope 

equipped with JVC TK-1085E camera. For all experiments, the 

0.25 10X MD PLAN lens was used. The salts samples were cast 

between two glasses to record the POM images. In all cases, 

two consecutive heating-cooling cycles were performed.  

The gels phases were not covered with the glass above to not 

destroy the gel phase. The salts were heated until melting and 

then cooled. The gels were heated until 90 °C and then cooled. 

Heating and cooling rates were 5 °C min
-1

. 

Gelation tests. The salt was weighed in a vial and a proper 

solvent was added, the first concentration considered was 1 

wt. % (2.5 mg of salt in 250 mg of solvent). If the salt was 

insoluble at room temperature, the solution was heated for 

1.5h, at a temperature that is ~< 10 °C than the boiling point of 

the solvent. After the heating, the clear solution was 

immediately put in the fridge (4 °C) overnight. After this time, 

if it was still a solution, or it drips with the tube inversion 

test,
46

 the concentration of the salt was increased. 

Tgel determination. The Tgel values were determined with the 

lead ball method.
48 

The lead ball  (weighing 46.23 mg and 2 

mm in diameter) was placed on top of the gel, and the vial was 

placed in a water bath. The temperature of the bath was 

increased of 2 °C/min till the lead ball, going through the gel 

phase, reached the bottom of the vial (Tgel).  The Tgel values 

were reproducible within 1 °C. 

Opacity measurements. Opacity measurements were 

recorded with a spectrophotometer (Beckman Coulter DU 

800). The limpid hot solution of the salt was put in a quartz 

cuvette with light path of 0.2 cm. The kinetic of gel formation 

was recorded at a wavelength of 568 nm and a temperature of 

20 °C. Spectra were recorded until gel formation. The gel 

phase obtained at the end of the measurement was stable 

after the tube inversion test.
46

 

RLS measurements. RLS measurements were carried out at 20 

°C on a spectrofluorophotometer (JASCO FP-777W) using a 

synchronous scanning mode. The RLS spectrum was recorded 

from 300 to 600 nm with both the excitation and emission slit 

widths set at 1.5 nm. The maximum intensity of the spectrum 

obtained was chosen as the working wavelength. 

The sample preparation was the same of the opacity 

measurements, putting the clear hot solution of the salt in the 

cuvette. The spectra were recorded until constant values of 

intensity (gel formation). The gel phase obtained at the end of 

the measurement was stable after the tube inversion test.
46

 

NMR measurements. 
1
H NMR and 

13
C NMR spectra were 

recorded using Bruker AV-300, Bruker ultrashield 400 plus, 

Bruker-spectroscopin 400 ultrashield and nuclear magnetic 

resonance spectrometers. Chemical shifts were reported 

relative to SiMe4. The VT 
1
H NMR were recorded using the 

Ascend™ 600 Bruker with an internal solvent reference (d6-

DMSO). Each gel was formed inside the NMR tube containing 

the solvent reference inside. The spectra were recorded from 

293 up to 373 K; for each temperature, the sample was 

equilibrated for 20 min. 

Spectra of hexane solution put in contact with gel phases were 

recorded using A steam coaxial capillary tube loaded with 

[D6]DMSO was used for the external lock of the NMR 

spectroscopy magnetic field/frequency and its signal was used 

as the 
1
H NMR spectroscopy external reference at δ=2.56 ppm.  

 

Adsorption of sulfur compounds. Each experiment was carried 

out at 20 °C. The solution, at fixed ppm concentration (500 µL), 

was put on the top of the gel (250 mg), and after the 

established time, 200 µL of the solution were used to run the 

HPLC measurement. The concentration of sulfur compound(s) 

still present in solution was determined using a previously 

obtained calibration curve. The adsorption efficiency of sulfur 

compounds was determined using a HPLC Shimadzu LC-10 AD, 

equipped with an inverse phase C18 column. Binary mixture 

ACN/H2O (80/20; v/v) was used as eluent with a flow of 1 mL 

min
-1

. 
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