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The occurrence of emerging pollutants in water bodies is a pressing issue of  Bisphenol A
modern society and identifying materials to remove them is the main target of current research. polluted water
In this work, we prepared and characterized supramolecular gels of 1,3:2,4-dibenzylidene-p- ]
sorbitol (DBS) in ionic liquids differing for the anion and the aliphatic or aromatic nature of the

cation. We characterized our gels for their thermal stability and mechanical properties. We also \ E = é

Clean water

found that all gels self-heal in 24 h after being cut by a razor blade. We then used our gels as

sorbents to remove bisphenol A, an endocrine disruptor compound, from aqueous solutions. All

gels adsorb BPA with high removal efficiencies, and those obtained in aliphatic ionic liquids act DBS-based

faster than their aromatic counterparts. The highest observed adsorption capacity was 314 mg/ lonic liquid gels

g. Gels were reused without loss in performance and need for intermediate washing, and the gel

obtained in [bmpip][NTf,] could be reused 37 times, maintaining a removal efficiency higher than 96%. It was loaded in a
sequential system of syringes to treat flowing aqueous phases, removing 60% of BPA in 30 min. We also embedded the gel in the
dialysis membrane and observed a removal efficiency of 85% after 48 h.

emergent pollutants, adsorption, supramolecular gels, BPA, ionic liquids

and, in many cases, high removal efficiency.'’ In this respect,
commonly used sorbents for BPA removal include zeolites,'?
agricultural waste,'”'* and polysaccharides such as chito-
san.'”'® In recent years, a remarkable interest has been laid in
the use of nanostructured sorbents, owing to their high surface
area, coupled in several cases with a high uptake of pollutants
and selectivity.'” Examples of nanostructured sorbents for the
treatment of wastewater include metal—organic frameworks,'®
graphene oxide," and supramolecular gels.20 Supramolecular
gels are soft materials resulting from the self-assembly of
molecules known as low-molecular-weight gelators (LMWGs)
which, in dilute solutions, form a sample-spanning network
able to entrap high amounts of the solvent.”"”** Consequently,
the resulting material has a solid-like appearance despite being
constituted prominently by the solvent and is underpinned
solely by noncovalent interactions. When used as sorbents, gels
often prove to be efficient and robust sorbents toward a wide
range of pollutants owing to their high surface area exposed to
the polluted water and the high mechanical resistance, allowing
the gel to be reused for several cycles without breaking.
Although supramolecular gels have been successfully employed
for the sequestration of many types of pollutants, they have

Tackling pollution of water bodies is a problem of prominent
importance in present-day society, given the importance of
such limited resources. As a result, the occurrence and
concentration of many compounds in water are strictly
regulated by law. However, in recent years, a further issue
raises concerns, such as the increasing presence in urban
wastewater of compounds for which, in many cases, regulations
do not yet exist." These compounds are known as emerging
pollutants (EPs) and span a wide range of classes and
structures.” In particular, some frequently encountered
categories include pharmaceutically active compounds such
as antibiotics or anti-inflammatory drugs, disinfectants, person-
al care products, plastic additives, and plasticizers.” A group of
EPs is one of the endocrine disruptor compounds (EDCs),
which are known to interfere with the endocrine system of
humans and animals,”® and among these, a compound like
bisphenol A (BPA) raises particular concern.

BPA is mainly used in the production of plastic materials
such as polycarbonates and epoxy resins,” and the exposure to
this compound has been linked to adverse effects such as
neurotoxicity, obesity, and xenoestrogen activity.7 Conse-
quently, different methods have been developed to remove
BPA from water bodies. To this aim, commonly used methods September 30, 2022
for BPA removal include advanced oxidation processes, November 12, 2022
membrane filtration, and biological methods.® Recently, November 14, 2022
adsorption methods have risen to some prominence”'’ due November 29, 2022
to their convenient characteristics, such as the simplicity of use,
the relatively low energy consumption, their cost-effectiveness,

© 2022 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsmaterialsau.2c00066

W ACS PUblicationS 112 ACS Mater. Au 2023, 3, 112-122


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvatore+Marullo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+D%E2%80%99Anna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialsau.2c00066&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00066?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00066?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00066?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00066?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00066?fig=abs1&ref=pdf
https://pubs.acs.org/toc/amacgu/3/2?ref=pdf
https://pubs.acs.org/toc/amacgu/3/2?ref=pdf
https://pubs.acs.org/toc/amacgu/3/2?ref=pdf
https://pubs.acs.org/toc/amacgu/3/2?ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialsau.2c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org/materialsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Gelator

lonic Liquids

Pollutant

]
NTf,
I—/\ ®
Hse ~N 2N -CH,

)
NT,
®

OH o
H3C CgHo

e
PFg
/\ @

H;C CH
Hie N N ~cH, v

HO~ ‘ ‘ “OH
S
NTf,
®

o
H3C C4Ho

Figure 1. Structures of the gelator, ionic liquids, and pollutant employed.

been largely overlooked for the removal of BPA. In this regard,
most gel-based systems for adsorbing BPA reported in the
literature feature polymer gels, which are underpinned by
covalent bonds resulting from the cross-linking of polymer
chains. In particular, these include xanthan gum-,”® poly-
cyclodextrin,-**** or imidazolium-functionalized-based poly-
mer hydrogels.26 In the framework of our interest in
investigating the properties of gels in nonconventional
solvents, we found that supramolecular gels in ionic liquids
(ILs), known as IL gels (ILGs), can be successfully employed
to remove a wide range of pollutants from both organic
solvents and water, spanning from sulfur compounds in
fuels,””*® to dyes’” and pharmaceutically active compounds
from aqueous solutions.”” Based on these considerations, we
prepared and characterized ILGs obtained from DBS in ionic
liquids (Figure 1).

DBS is a well-known gelator for organic solvents,>' and
recently, it has also been reported that it can harden deep
eutectic solvents.””

We chose ionic liquids differing for the anion and the
aromatic or aliphatic nature of the cation. The gels obtained
were characterized for their thermal stability and morphology
by SEM images, as well as their rheology by sweep and
frequency sweep measurements. The ILGs were then used to
remove BPA from aqueous solutions. The gels showed a high
removal efficiency along with good to high recyclability. In
particular, the best-performing one was reused 37 times with
negligible loss in performance. This gel is resistant enough to
be used for loading in columns for the sequential
decontamination of flowing aqueous phases or embedded in
dialysis membranes for the treatment of larger volumes of
polluted waters.

Acetone, maleic acid, bisphenol A, rhodamine B, ethyl acetate,
methanol, ethanol, toluene, 2-methyltetrahydrofuran, and diethylene-
glycol dimethylether were purchased and used without further
purification. Commercially available 1-butyl-3-methyl-imidazolium
hexafluorophosphate ([bmim][PF]), 1-butyl-3-methyl-imidazolium
bis-(trifluoromethanesulfonyl)imide ([bmim][NTf,]), 1-butyl-1-
methylpyrrolidinium bis-(trifluoromethanesulfonyl)imide ([bmpyrr]-
[NTf,]), and 1l-butyl-1-methylpiperidinium bis-
(trifluoromethanesulfonyl)imide ([bmpip][NTf,]) were dried at 60
°C under reduced pressure and kept in a desiccator under argon
before use.

1,3:2,4-Dibenzylidene-p-sorbitol was synthesized according to a
published procedure.*
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In a screw-capped vial, suitable amounts of DBS and ILs were
weighed and heated at 80 °C for 1 h to obtain a clear solution.
Subsequently, the solution was kept at 4 °C overnight. Gel formation
was assessed by the tube inversion test.**

Ty were determined by the falling drop method.*® A vial containing
the preformed gel was placed upside-down in a water bath. The bath
temperature was raised gradually (1 °C/min) until the gel collapsed

and flow was observed. T, values were reproducible within 1 °C.

Rheological measurements were carried out using a strain-controlled
rheometer using a Peltier temperature controller and a plate—plate
tool. For a typical measurement, the preformed gel was placed
between the shearing plates of the rheometer. Strain and frequency
sweep measurements were carried out at 25 °C on three different
aliquots of gels.

SEM measurements were carried out using a PRO X PHENOM
electronic scanning microscope, operating at S kV. Xerogels for each
sample were obtained by placing each gel on an aluminum stub and
then washing it with ethanol to remove the IL, following a previously
reported procedure.***”

To evaluate thixotropic behavior, a magnetic stir bar was placed on
top of the gel and stirred for 5 min at 400 rpm. Whenever the gel was
broken, it was kept at 4 °C overnight to verify if the gel was restored.
For sonotropy tests, each gel was subjected to sonication for S min,
using an ultrasonic bath operating at 45 kHz with an output power of
200 W. The restoration of the gel was checked as previously
described.

The porosity and swelling of all ILGs were determined according to
reported procedures”®***” using hexane as the solvent. Hexane was
cast on gels for 24 h. By knowing the initial weight of the empty vial
(W), the weight of the vial and the gel before (Wdry) and after (W,)
adding hexane and the final weight of the vial and gel after removing
hexane (W, = W,,,,), it was possible to determine the porosity (P) and
swelling (Q) using the following equations

Vg=4_[w]
Ph (1)
o e Ve W
Ph ()
P = P x 100
BtV (3)
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where py, is the density of hexane and V, and V, (mL) represent the
volume of gel and hexane in the pores, respectively. 4 mL is the total
volume occupied by the gel and hexane.

Aqueous solutions of BPA were prepared by the dilution of stock
solutions of BPA in methanol. The latter was diluted in water to
achieve the desired concentration by maintaining the amount of
methanol at 1% v/v. BPA adsorption tests were carried out in vials by
placing it onto 250 mg of preformed gel (3 wt %) and 500 uL of a 4 X
10™* M BPA aqueous solution. After a given time, an aliquot of the
solution was withdrawn and suitably diluted, and then the relevant
UV spectrum was recorded. The residual concentration of BPA was
determined based on a calibration curve previously determined. For
concentration-dependent measurements, 250 mg of the preformed gel
was put in contact with 20 mL of solutions of BPA at variable
concentrations for 24 h. From these experiments, the equilibrium
adsorption capacity Q, was determined using eq 5

(G - CIV
m ()

where Cj is the initial concentration of BPA and C, is the equilibrium
concentration of BPA expressed in mg/mL. Furthermore, m is the
mass in mg of the gel and V is the volume of solution, expressed in
mL.

Gel recycling experiments were carried out by removing the
aqueous phase after an adsorption run and replacing it with a fresh
batch of BPA solution. The residual concentration of BPA was
determined as described above.

Sequential adsorption tests were carried out as described in the
literature.”® To this aim, 500 mg of gel was introduced into a 1 mL
syringe with a filter paper disk at the bottom of the syringe. Then, 1
mL of the aqueous solution was added from the top of the column.
An outflow of solution bottom of the syringe was observed and
introduced in the next syringe filled with another aliquot of gel. This
procedure was repeated a third time. The experiment was performed
in triplicate under atmospheric pressure and at room temperature.

Adsorption tests with the gel embedded in the dialysis membrane
were conducted following a reported procedure.*

Q.=

Gels of DBS in ionic liquids were prepared by heating mixtures
of DBS and IL at 80 °C until complete dissolution. Then, the
mixture was kept at 4 °C overni(ght. Gel formation was assessed
by the tube inversion test.” With all the ionic liquids
considered, we obtained opaque gels. The minimum amount
of DBS able to yield a gel, known as critical gelation
concentration (CGG), was also determined, obtaining the
results reported in Table 1.

Looking at the results reported in Table 1, it is found that
CGC is very similar in all ILs, with no particular effect exerted
by the aromatic or aliphatic nature of the cation, as well as by
the nature of the anion. Then, we determined the gel—sol

Table 1. Critical Gelation Concentrations (CGC) and Ty at
3 wt % for DBS-Based ILGs

ionic liquid CGC (wt %) Teq at 3 wt % (°C)
[bmim][PF] 2.0 70
[(bmim][NTH,] 3.0 65
[bmpip][NTH5,] 3.0 69
[bmpyrr][NT£,] 2.0 80

114

transition temperature, at the common _gelator concentration
of 3 wt %, by the falling drop method,* obtaining the results
reported in Table 1. The latter show that the IL has a
significant effect on the thermal stability of the gel, with T,
increasing along the sequence [bmim][NTf,] < [bmpipﬁ—
[NTf,] ~ [bmim][PFs] < [bmpyrr][NTf,]. Dissecting the
effect of IL cation or anion reveals that ILs with aliphatic
cations, such as [bmpip*] and [bmpyrr*], give rise to the most
thermally stable gels. On the other hand, changing the anion
from [NTf,”] to [PFs~] has a more marginal effect, with a
slightly higher Tl in the IL bearing the more symmetrical and
more cross-linking [PF¢~]. Differently from what we observed
in ionic liquid gels formed by organic salts,"" the hydrogen
bonding accepting ability anion, as expressed by the Kamlet—
Taft f parameter, does not dominate the anion effect, given
that T,s are nearly identical for the two ILs (f=0.21and 0.24
for [bmim][NTf,] and [bmim][PF], respectively).*”

To gain information on the mechanical properties of the gels,
we carried out rheological measurements such as strain and
frequency sweeps. In such measurements, the storage modulus
(G’) and the loss modulus (G”) are measured as a function of
the strain applied or the frequency applied. As a result,
parameters such as G’ and G” can be extracted, which account
for the solid- or liquid-like rheological response, respectively.
Moreover, information on the mechanical strength is provided
by the strain at the crossover point (y.) or the tan § which is
related to the strength of colloidal forces underpinning the gel
network. Representative plots obtained in these measurements
are reported in Figure 2, while the others are shown in Figure
S1 of the Supporting Information. From these measurements,
we determined the rheological parameters reported in Table 2.

An examination of the rheological parameters reported in
Table 2 shows the dominance of solid-like behavior of all
ionogels, as shown by the values of tan (5), much lower than
unity, suggestive of strong interactions within the gel
network.” However, looking at the other parameters, a clear
distinction between the properties of gels obtained in ILs with
aliphatic or aromatic cations can be made. In particular, the
latter, namely, the gels in [bmim][NTf] and [bmim][PF],
have higher mechanical resistance, as shown by the much
higher values of the strain at the crossover point (y.), that is,
the strain required to break down the gel. On the other hand,
the gels obtained in aliphatic ILs, [bmpyrr][NTf,] and
[bmpip][NTf,], are mechanically weaker, with this latter
being able to withstand a rather limited strain. Further
examination of the rheological results reveals an inverse
relationship between the stiffness of the gels, expressed by the
storage modulus, G', and the mechanical strength, expressed as
Ve

In particular, the gels obtained in aliphatic ILs show much
higher values of G’, compared with their aromatic counterpart,
which, as already said, are able to withstand higher mechanical
strains. These findings show the occurrence of a more rigid gel
network in the presence of aliphatic ILs, giving rise to more
brittle materials, which break more easily. Conversely, the gels
obtained in aromatic ILs are more flexible and on balance
more resistant to mechanical strain. Finally, comparing the
theological parameters determined for [bmim][NTf,] and
[bmim][PF4] shows that the IL anion does not exert a
significant influence, given that the values obtained for the two
gels are practically comparable. We propose that the higher
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Figure 2. Plots of (a) strain sweep and (b) frequency sweep measurement for the 3 wt % DBS-based gel in [bmpyrr][NTf,], at 25 °C.

Table 2. Rheological Parameters for DBS-Based Ionic Liquid Gels at 25 °C

IL G' (Pa) G” (Pa) tan (5) ycat G' = G" (%)
[bmpyrr] [NTS,] 85,000 + 20,000 19,000 + 5000 023 + 0.07 2+8
[bmim][NTE,] 7000 + 2000 1400 + 180 021 + 0.06 140 + 20
[bmim][PE] 9000 + 3000 1800 + 600 0.23 + 0.04 125 + 30
[bmpip] [NTE,] 40,000 + 16,000 10,000 + 2000 023 + 0.03 1.8 + 0.3

flexibility of the gels obtained in aromatic ILs may derive from
the 7—7 interactions between the phenyl rings of DBS and the
aromatic cations of the IL. In particular, these feeble
interactions, which can be broken and reformed more easily
than ion—dipole interactions, may allow the gelator to “slide”
within the gel network under shear, without breaking it.
Conversely, in the aliphatic IL-based gels, the gelator is less
free and held more tightly in the gel network by hydrogen
bonding and ion—dipole interactions, yielding an overall more

rigid gel.

We then investigated if our ILGs show thixotropic or
sonotropic behavior, that is, if they spontaneously reform
after being broken by mechanical stress or after being
subjected to sonication. To assess thixotropy, we put a
magnetic stirring bar on top of each gel (250 mg, 3 wt %) and
then subjected it to stirring at 400 rpm for 15 min. In the other
case, each gel was sonicated in an ultrasound bath (45 kHz,
200 W) for S min. In both instances, when a gel was broken as
a result of the treatment, we kept it at 4 °C overnight.
Subsequently, we verified if the gel was restored by the tube
inversion test. The results obtained showed that all ionic liquid
gels are stable to both stimuli, mechanical and ultrasonic. This
agrees with the results collected by the rheological measure-
ments. It is worth noting that the same stimuli are strong
enough to break other supramolecular ILGs reported in the
literature.””*”** Encouraged by these results, we went on to
probe the self-healing ability of our gels. To this aim, we
prepared two identical gels, staining one of them with 0.25 wt
% of the dye rhodamine B. Then, we cut each gel in half with a
razor blade and put into contact the pristine gel half with the
stained gel one. A pictorial representation of the procedure
followed is reported in Figure 3.

Subsequently, we monitored the appearance of the two
halves into contact, over time. Representative pictures taken
for the gel obtained in [bmpyrr][NTf,] (3 wt %) are reported
in Figure 4, while the ones relevant to the other gels are
reported in Figure S2.
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Figure 3. Pictorial schematic representation of the procedure followed

to assess the self-healing ability of the gels.

Looking at the pictures reported in Figure 4, we can
appreciate that after S h, the dye starts to diffuse through the
other half of the ILGs, suggesting partial healing of the
material. After 24 h, the diffusion of the dye through the healed
gel is more evident and involves the entirety of the contact
surface. Moreover, from this time on, the two halves behave as
a single gel, and the newly healed gel is self-supporting, as
assessed by the inversion test. A similar conclusion can be
drawn for the other gels by looking at the pictures reported in
Figure S2. The inversion test gave a positive response for the
other gels alike after 24 h, therefore confirming the good self-
healing ability of the DBS-based gels.

To gain information about the morphology of our gels, we
recorded SEM images of the relevant xerogels, obtained by
washing the gels with ethanol, to remove the ILs, following a
reported procedure.”” We are aware that obtaining xerogels
may lead to a change in the size of the structures being imaged.
This is why we use SEM only for a qualitative comparison. The
images obtained for the ILGs at 3 wt % are reported in Figure
S.

Looking at the SEM images reported in Figure S, it is found
that the DBS-based ILGs have different morphologies
depending on the ionic liquid used. In particular, the gel
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Figure 5. SEM images of the xerogels relevant to DBS-based ILGs (3
wt %) in the top left [bmim][NT%,], top right [bmim][PF], bottom
left [bmpip][NT£,], and bottom right [bmpyrr][NTH,].

obtained in [bmim][NTf,] exhibits a distinct morphology
characterized by the occurrence of spheroidal structures
uniformly distributed over the sample. A very different picture
emerges for the gels in the other ILs, for which it is difficult to
extract an obvious morphology. Instead, a very thick and
compact texture is found with the occurrence of pores
throughout the samples.

The porosity of a gel is an important property when the gel
phase is used to trap pollutants via adsorption. For this reason,
we estimated the porosity and swelling of our ionic liquid gels,
using the reported procedures.”®** These parameters are
determined by letting the gel make contact with a solvent.
Moreover, in particular, swelling is defined as the increase in
mass of the gel, as a consequence of contact with the solvent.
This parameter, together with the known density of the
solvent, allows us to determine the porosity of the gel, which is
defined as the ratio between the total volume occupied by
pores and the volume of the gel. It is worth noting that a
suitable solvent for the reliable determination of gel porosity
should induce minimal or negligible swelling so that the
porosity being measured is the one of the pristine gel and not
one of the gels swollen by the solvent. The solvent chosen for
this determination is n-hexane, which was kept in contact with
the gel for 24 h at 25 °C. We could not determine the porosity
of the gel in [bmim][NTf,] due to its partial dissolution upon
contact with hexane.
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Experimental details and equations defining these parame-
ters are reported in the Materials and Methods section, while
the results obtained are reported in Table 3.

Table 3. Swelling and Porosity of IL Gels (3 wt %)
Measured after Contact with Hexane at 25 °C for 24 h

L swelling (%) porosity (%)
[bmpyrr][NT£,] S 94
[bmpip][NTH5,] 19 89
[bmim][PF] 14 52

An examination of the results reported in Table 3 shows a
negligible to the low entity of swelling in all the gels
considered. Furthermore, swelling values increase along the
order [bmpyrr][NTf,] < [bmim][PFs] =~ [bmpip][NT].
Looking at gels obtained in aliphatic ILs, a sharp increase in
swelling is detected upon going from ILs bearing the
pyrrolidinium cation to the one bearing the piperidinium
one. This appears to reflect the different conformational
freedom of the cations as we move from the more rigid
pyrrolidinium to the more flexible piperidinium. Interestingly,
this is consistent with the stiffness of the gels as expressed by
the storage modulus G’ (Table 1), which indicates that the gel
in [bmpyrr][NTf,] is the stiffest one. Hence, the lowest
swelling confirms that this gel is characterized by a more rigid
network, less prone to reorganization upon contact with
hexane. In general, the gels obtained in aliphatic ILs show a
higher porosity than the ones obtained in the imidazolium IL.
On the other hand, no obvious correlation emerges between
porosity and the morphology probed by SEM.

First, we checked if the gels could withstand the weight of an
aqueous phase. To this aim, 500 L of water was cast on top of
250 mg of the preformed gel and left in contact for 24 h at 25
°C. In all cases, the gel kept its aspect and was still self-
supporting when the vial was inverted. Then, we looked at the
possible release of gel components upon contact with water.
To this aim, 250 mg of gel (3 wt %) was kept in contact with
500 mg of water for aliphatic IL-based gels and D,O for the
aromatic IL-based ones at 25 °C for 24 h. For the gels obtained
in aromatic ILs, we recorded the UV spectrum of the
supernatant aqueous phase and determined the amount of IL
released based on a previously determined calibration curve.
Similarly, for the gels obtained in aliphatic ILs, the '"H NMR
spectrum of the supernatant aqueous phase was recorded in
the presence of a known amount of maleic acid as an internal
standard. The results obtained are reported in Table 4.

The results reported in Table 4 show that only a limited
release of ILs occurs in the case of the gel in [bmpip][NT£],
amounting to 0.8 wt % of the solvent, whereas in the other
case, a minimal or negligible release takes place. In particular,
for the aromatic IL-based gels, only 1.0 wt % and 0.3 wt % for
[bmim][NTf,] and [bmim][PF,], are released, respectively,
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Table 4. Amounts of ILs Released in the Aqueous Phase
after 24 h of Contact

gel % IL released
DBS in [bmpyrr][NTf,]
DBS in [bmpip][NT£,] 0.8
DBS in [bmim][NTf,] 0.3
DBS in [bmim][PF] 1.0

whereas no significant amount of IL is released by the gel in
[bmpyrr][NTH,].

Having verified the stability of the gel upon contact with
water, we carried out a static removal test for BPA. To this aim,
we put on top of 250 mg of each gel 500 uL of an aqueous
solution of BPA, with a concentration of 4 X 107 M. At
selected times, the supernatant aqueous phase was removed,
and its UV-vis spectrum was recorded. The removal efficiency
(RE %) was calculated by eq 6

G
X 100

G (6)
where C, is the initial concentration of BPA and C, is the
residual concentration of BPA after the time (t), based on a
calibration curve previously determined. The plots of RE % as
a function of time obtained are reported in Figure 6, while the
values of RE % observed are reported in Tables S1 and 2.

An examination of the plots reported in Figure 6 shows that,
in general, all gels are capable of removing BPA from the
solution almost entirely. A closer look reveals an apparent
dichotomy between the gels obtained in aromatic and aliphatic
ILs. The latter act much faster than their aromatic counter-
parts, and this can also be seen by comparing the time required
to achieve maximum RE %, which amounts to 4 h for the gels
in [bmpip][NTf,] and [bmpyrr][NTf,], while 18 h are
required for the gel obtained in [bmim][NTf,] and 20 h for
the one in [bmim][PF].

A desirable attribute of a sorbent is its possibility to be
reused as much as possible, without the need for intermediate
washing. To this aim, we evaluated the possibility of reusing
our gels. After an adsorption run, we removed the aqueous
phase and replaced it with a fresh batch of BPA solution.

This procedure was repeated until we observed an
appreciable reduction in removal efficiency or a drop in the
mass of the gel higher than 5%. The results obtained are
reported in Figure 7 and Tables S3—5.

C, -
RE % = ———*

100

a) —
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°
20
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The plots reported in Figure 7 clearly show that our gels
have good to high degrees of recyclability. In particular, the gel
obtained in [bmpyrr][NTf,] can be reused seven times
without loss in performance, while the one obtained in
[bmim][PF] maintains its removal efficiency over 12 cycles.
Much better results were obtained in the case of the gel in
[bmim][NTf,], for which the removal efficiency remained
constant over 23 cycles, and the best-performing one was the
gel in [bmpip][NTf,], with a high removal efficiency (>96%)
maintained over 37 cycles, suffering only a small decrease until
the 41st cycle. For the latter gel, we investigated the possibility
of recovering BPA from the gel reused 41 times, by letting it
make contact with an extraction solvent. In particular, 1 mL of
the solvent was cast on top of the gel, which was then stirred
for 5 min. Finally, the gel and solvent were kept at 4 °C for 10
min, after which the solvent was removed and diluted in
methanol to determine the amount of BPA recovered by
spectrophotometry. Among the different solvents used, we
obtained the best results with diethylene glycol dimethyl ether,
which allowed us to recover 82% of BPA. It is worth noting
that after this treatment, the gel was not destroyed.

Subsequently, we carried out a further adsorption run on the
regenerated gel to verify its performance after BPA recovery.
However, adsorption efficiency steeply dropped to 56%, likely
due to some IL being dissolved in the organic phase during the
regeneration treatment.

As described above, the gels exhibited a very different recycle
performance. In an attempt to elucidate which parameters lead
to the highest number of reuse cycles, we compared the trend
observed with those of porosity and rheological properties (G’
and y.). However, no single parameter can account for the
recycling performance observed. For instance, the gels in
aliphatic ILs [bmpip][NTf,] and [bmpyrr][NTf,], despite
high and comparable porosity, show the best and worst
recycling performance, respectively. Similar considerations can
be made considering G” or y. This suggests that the results
observed come from the interplay of different factors. In
particular, we propose that the highest recycling performance
observed for the gel in [bmpip][NTf,] could arise from its
concomitant high porosity, high rigidity, and low flexibility, as
expressed by the values of G’ and y,, respectively. However,
given the relatively low number of gels considered, we cannot
rule out that other factors come into play.

To obtain further information on the maximum amount of
BPA that our gel can remove from aqueous solutions, we

100 _
I
b) %%f 1 T
80 }// i [bmir.n][NTfl]
{J +. [bmpip][NTf,]
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Figure 6. Plots of RE % as a function of time for ILGs in contact with the BPA solution at 25 °C for (a) gels in [bmim][PF,] and [bmpyrr][NTf,]
and (b) [bmim][NTf,] and [bmpip][NTf,]. Lines are mere visual guides.
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Figure 7. Plots of RE % obtained reusing the DBS-based gel obtained in (a) [bmpyrr][NTf,], (b) [bmim][PF4], (c) [bmim][NT%], and (d)
[bmpip][NT£,]. RE % are reproducible within 4%.
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Figure 8. Plots of experimental adsorption capacities as a function of initial BPA concentration for 3 wt % gels in (a) [bmim][NT£], (b)
[bmim][PF], (c) [bmpyrr][NTE], and (d) [bmpip][NTE].

adsorbed from the gels. In particular, from each test, we

carried out adsorption experiments at different concentrations
determined the adsorption capacity Q. by eq 7

of BPA to determine the maximum amount of BPA that can be
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where C, is the initial concentration of BPA in the solution, C,
is the equilibrium concentration of BPA in the aqueous
solution, both expressed in mg/L, V is the volume of the
aqueous solution expressed in mL, and m is the mass of gelator
expressed in g. The residual concentrations of BPA were
determined after 24 h. The results obtained for each gel are
reported in Figure 8 and Tables S6 and 7.

Looking at the plots reported in Figure 8, we find a different
trend when we compare the result observed for aromatic and
aliphatic IL-based gels. It is worth noting that, for these
measurements, in all cases, solubility reasons prevented us
from reaching the plateau region, so the maximum adsorption
capacity of the gels could not be obtained. However, the trend
of Q_as a function of the initial concentration of BPA shows a
linear increase, commonly observed in C- as well as in H- and
L-shaped isotherms according to the classification by Giles, "
at low concentrations. Conversely, the plots relevant to gels
obtained in aromatic ILs (Figure 6a,b) suggest that the trend
of Q as a function of concentrations follows a sigmoidal, S-
shaped isotherm.

This kind of isotherm is less frequently encountered,
although it has been observed in the adsorption of some
pollutants from water, by different types of sorbents, such as
zeolites"” or silica-based hybrid materials.*® This kind of trend,
has been linked with the occurrence of a cooperative
adsorption mechanism® or to solute—solute interactions.*’
To the best of our knowledge, this is the first hint of S-shaped
isotherms for supramolecular gels.

Regarding the maximum adsorption capacity of our gels, the
impossibility of reaching the plateau region allowed us only to
determine and measure the highest observed adsorption
capacities, which amount to 344 and 260 mg/g for the gels
in aromatic ILs, [bmim][NTf,] and [bmim][PF], respec-
tively, while the highest values determined for the gels in
aliphatic ILs were 214 and 81 mg/g for [bmpip][NTf,] and
[bmpyrr][NTf,], respectively. Once again, this hints at a
difference between the gels in aliphatic or aromatic ILs, with
the caveat that these are not Q,,,, values obtained fitting a full
isotherm.

Interestingly, the trend of the highest adsorption capacities
can be related to the characteristics of the IL entrapped in the
three-dimensional network. Indeed, Q. decreases on going
from [bmim][NT£,] to [bmim][PF,], parallel to the decrease
in the anion coordination ability, as expressed by the Kamlet—
Taft parameter 8 (f = 0.243 0.207) for [bmim][NTf,] and
[bmim][PF4], respectively.”® On the other hand, with the
anion being the same, Q, decreases in parallel with the
hydrogen bond donor ability of the cations, expressed by the
Kamlet—Taft parameter a (a = 0.617,** 0.43,** and 0.427°° for
[bmim][NT£,], [bmpip][NT£,], and [bmpyrr][NT£,], respec-
tively). These results suggest that hydrogen bonding is the
leading interaction involved in the adsorption process.
Consequently, a gel in a solvent more capable of forming
hydrogen bonds will be able to adsorb a larger amount of BPA.
This finding is consistent with the good performance of
diethylenedimethyl ether in recovering BPA from the spent gel.
Indeed, according to its hydrogen bond-accepting ability, it can
interfere and compete with the adsorption sites within the gel.
We previously observed such competitive action in regenerat-
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ing biobased polymer gels used to remove sulfur compounds
from fuels.”®

After examining the performance of our gels under static
adsorption conditions, we moved to investigate their ability to
remove BPA from flowing aqueous phases. To this aim, we
used the gels as loading for syringes, a BPA aqueous solution
(4 X 107* M) was allowed to flow through the gel, and the
ensuing solution was treated sequentially in the same way two
other times. A representative picture of the experimental setup
is reported in Figure 9.

Figure 9. Picture of gel-loaded syringes for sequential adsorption of
BPA form flowing aqueous phases.

In particular, in these adsorption runs, 1 mL of the aqueous
solution was allowed to flow through 500 mg of gel. It is worth
noting that, to hold the gel in place and prevent it from leaking
out from the syringe, we placed a disk of filter paper under the
gel. Therefore, we preliminarily checked if the paper disk alone
could adsorb BPA. The paper disk adsorbed an amount of BPA
equal to 10%. We considered this contribution in the
sequential adsorption of BPA over the gel to find the neat
removal efficiency. By eluting the BPA aqueous solution onto
the gel, we obtained removal efficiencies equal to 49, 83, and
96% after elution on the first, second, and third syringes
respectively. Subtracting the contribution of the paper disk,
which is assumed constant in all three elutions, we find a
removal efficiency of 60%, which is lower than the one
obtained in the static adsorption experiments but is obtained
after a much shorter time span, 30 min, compared with 4 h
required by the static runs.

Finally, we embedded our gel in a dialysis membrane to treat
a much larger volume of solution. To this aim, we charged a
dialysis membrane (see the Materials and Methods section for
details) with 1 g of the DBS-based gel in [bmpip][NTf,], 3 wt
%. The gel embedded in the dialysis membrane was then
immersed in a beaker containing 20 mL of an aqueous solution
of BPA. We measured the removal efficiency after 4, 24, and 48
h, obtaining RE % equal to 46, 64, and 85%, respectively.

Therefore, still, a good removal efliciency is maintained,
although it requires a longer time.

To better assess the performance of our gels, we compared
them with similar systems reported in the literature for the
adsorption of BPA. These are reported in Table 5.

A comparison of the performance of our gels with the
systems reported in Table 5 shows that our gels, albeit being
simple systems, are competitive with most systems reported in
the literature for BPA removal. In particular, among gel-based
systems, our ILG exhibits higher adsorption capacity compared
to polycyclodextrin-based hydrogels™*** (entries 1, 2, and 4) as
well as comlpared with a hydrogel of graphene-silver phosphate
composite”’ (entries 1 and 3). Furthermore, the DBS-based
ILGs used in this work are also advantageous over an
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Table 5. Adsorption Capacity of Our Gels and Other
Systems Reported in the Literature to Adsorb BPA

time of contact Qunax
entry sorbent (h) (mg/g)
1 DBS-based gel in [bmpip][NT£,]¢ 4 214°
2 polycyclodextrin hydrogel® 3 38
3 AgPO,-graphene hydrogel’" 0.2 15
4 polycyclodextrin hydrogel™* 2 21
S imidlazolium-functionalized polymer 12 153
ge

6  xanthan gum-based hydrogel™ 4 458
7 CTAB-modified graphite®> 0.5 125
8  porphyrin-based porous organic 2.5 653

polymer™
“This work. bHighest Q observed.

imidazolium-based polymer gel*® (entries 1 and ) in terms of
either adsorption capacity or contact time. However, the
performance of our gels is inferior to the one displayed by the
xanthan gum-based gel described by Xie et al.** (entries 1 and
6), which, to the best of our knowledge, achieves the highest
reported value for adsorption capacity of BPA for a gel-based
system. Extending our comparison to systems not based on
gels, we find that our ILGs show a higher adsorption ability of
BPA with respect to a surfactant-modified graphite®” (entries 1
and 7), while they are outperformed by a porphyrin-
functionalized porous organic polymer,”> which displays a 3
times higher adsorption efficiency in a shorter time of contact.

On the whole, these results clearly show that our gels are
simple but effective sorbent systems for the removal of BPA.
Furthermore, they are highly recyclable and can be embedded
as a loading of columns and dialysis membranes for the
treatment of flowing aqueous phases.

In this work, we prepared and characterized supramolecular
gels of DBS in aliphatic and aromatic ILs. All these gels showed
good to high thermal stability, and gels obtained in aromatic
ILs are featured by mechanically more resistant and flexible gel
networks, compared with their aliphatic counterparts. The
mechanical properties of the gels could be rationalized on the
grounds of the different solvent—gelator interactions estab-
lished in the three-dimensional network We applied these gels
as sorbents for the removal of BPA from aqueous solutions,
observing that all of them were capable of removing BPA
almost entirely for the solutions, although the gels obtained in
aliphatic ILs acted much faster than the ones obtained in
aromatic ILs. Interestingly, the trend of the highest observed
adsorption capacities allowed us to identify hydrogen bonds as
the driving force in the adsorption process.

All gels could be reused several times without loss in
performance and with no need for intermediate washing. In
this respect, the best-performing one was the gel obtained in
[bmpip][NTf,] which maintained its removal efficiency higher
than 90% over 37 cycles. Furthermore, we could recover 82%
of BPA for the BPA-laden gel, after 41 adsorption runs, by
letting it make contact for 5 min with ethylene glycol dimethyl
ether. The same gel could be loaded in syringes for the
sequential adsorption of BPA from flowing aqueous phases,
observing a total RE % of 60% after 30 min. Finally, we
embedded it in a dialysis membrane, to treat larger volumes of
the solvent, finding a RE % of 85% after 48 h. A comparison of
the performance of our gels with similar systems reported in
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the literature for the same purpose revealed that our gels are
competitive with most systems considered in terms of
adsorption capacity and time of action.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00066.
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