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1. Introduction

Design and synthesis of hydrophobic mixed
organogels with complementary hydrogen-bond
donor—acceptor sites: removal of heavy metal
ions Hg?*, Cd®* and Pb?* from aqueous solution¥

@ Ritika Munjal, 2@ Probal Nag, ©°
® and Suman Mukhopadhyay () *®

Reena Kyarikwal,
Sivaranjana Reddy Vennapusa

Gels, an intermediate state between a solid and liquid, are attracting attention due to the immense
possibilities of their potential applications in various fields. Various non-covalent interactions play
essential roles in imparting gel strength and stability. Though incorporating metal ions in gelator systems
can generate different kinds of metallogels, capturing heavy metal ions using gel structures has scarcely
been investigated by researchers. Previously, one low molecular weight gelator (LMWG) molecule viz.
N2, N N®-tri(1H-tetrazol-5-yl)-1,3,5-triazine-2,4,6-triamine (G8) was introduced by us for discriminating
between various isomers of aminopyridines. However, the gel strength was found to be moderate, and
it was unstable in water. Herein, we introduced another molecule viz. 3,3’,3"-(benzenetricarbonyl-
tris(@azanediyl))tris(4-aminobenzoic acid) (GE) along with G8 to impart greater stability and make the
mixed-gel water stable. The design of the GE ensures the presence of complementary hydrogen bond
donor—acceptor sites with respect to G8. The resultant organogel G8GE has shown the ability to form
metallogels with Hg(n), Cd(i), and Pb(i) salts. The hydrophobic nature of the gel G8GE is observed with
the retention of the disc-shaped gel structure in an aqueous medium for an extended period.
Metallogels were fabricated with two different methods viz. mixing and adsorption methods. Several
experiments indicated that in the adsorption method, slow diffusion of metal ions does not disturb the
interactions between G8 and GE substantially, proving it to be a more efficient process for gel
formation. DFT-based optimization of the structure supports the complementary hydrogen bond
formation hypothesis between G8 and GE. The mixed organogel GBGE shows the capacity to efficiently
remove chloride, acetate, and sulphate salts of toxic metal ions like Hg(i), Cd(i), and Pb(i1) from their
aqueous solutions. The xerogel G8GE adsorbs 56.27% of mercury chloride, 99.24% of mercury acetate,
99.90% of mercury sulphate, 51.83% of cadmium chloride, 98.68% of cadmium acetate, 84.47% of
cadmium sulphate, 59.70% of lead chloride and 99.90% of lead acetate and the adsorption capacities
(ge) are 76.24, 157.79, 147.81, 52.09, 131.25, 284.93, 83 and 221.02 mg g%, respectively. The adsorbent
material, i.e., xerogel G8GE can be reused for five cycles with 97-99% recovery of the xerogel for
further water remediation by treating the mercury-contained mixed organogel with excess K.

molecular weight gelators (LMWGs) and solvent molecules
presents a new opportunity to utilize the intermediate state in

The serendipitous formation of gels with ample balance between
different covalent and non-covalent interactions between low
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favour of various applications in diverse fields. Gel formation is
a unique property for some organic molecules or inorganic
metal complexes.' Although it is difficult to precisely predict
the structure of a molecule that can form a gel, it can be
hypothesised that molecules with certain functional groups
and suitable sites for extensive non-covalent interactions can
show an increased propensity for the formation of an organogel
or metallogel. Organic molecules with carboxamide and tetra-
zole moieties have shown greater tendencies to form a gel.>”
While gels have been seen to have prospective applications in
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tissue engineering,*” sensing,®’ drug delivery,">"" self-healing
materials,">"? etc., incorporating metal ions into a gel structure
can further enrich the materialistic properties by introdu-
cing optical,"*'® magnetic,"®'” catalytic,"®>° and conductive
properties.>"”** Interestingly, though LMWGs have shown exten-
sive metallogel formation properties, there are only limited
reports where LMWGs are being used in water remediation
through the adsorption of heavy metals. However, there are
some reports where alginate or cellulose-based gels**>> have
been used for water remediation. Recently a metalloprotein-
based hybrid hydrogel was reported for Cd(i) removal.>® Some
other reports used a glucolipid biosurfactant or a cryogel for
heavy metal removal from wastewater.””>° These limited stu-
dies of heavy metal removal by gel materials are basically
related to polymeric gels or high molecular weight gels. There-
fore, in this report, the introduction of a modified hydrophobic
LMW organogel with a second component has been used
for water remediation with increased adsorption capacity as
compared to previous limited reports. One major challenge to
utilizing gels for water remediation is to stabilize the gels in the
presence of excess water. Furthermore, the interactions of
metal ions with a gelator system could be of two different
types. One could be through forming covalent bonds and
making coordination complexes, and the other could be loosely
bound metal ions, mainly through non-covalent interactions.
In the first case, recovering the heavy metal ions will be difficult
after the initial adsorption. So, for an application like water
remediation, non-covalent interactions between gel materials
and metal ions can be more helpful.

Out of the many contaminants in water, heavy metal salts in
water can have very serious effects on human health. Heavy
metals are considered to be those with a density of 5 gm cm*
or more.*® These are found to be toxic and carcinogenic, even at
very low concentrations. This pollution mainly originates from
the dumping of animal manure, sewage sludge, fertilizer,
petroleum distillates waste, and pesticides. Many studies noted
hazards of heavy metal impurities like Hg, Cd, Cu, Pb, Zn, etc.,
in contaminated water,>"** out of which the impurities of
mercury, cadmium, and lead are the major health concerns
for life. Hg** can damage the nervous system and kidneys, Cd**
can cause damage to kidneys, bones, liver, and blood with its
continuous exposure, and Pb** causes damage to kidneys and
liver, and learning difficulties.’® As purification methods,
adsorption by porous materials, membrane separation, electri-
city driven removal, and several other chemical processes have
been reported.** Adsorption is the main method because it has
no side product formation and is easy to prepare. Some notable
ligand-based composite materials and optical sensors have also
been reported to detect and remove Pb(u) and Cd(u) ions from
contaminated water.>>™*" With our constant endeavours to
investigate metallogel formations and properties,*>™**> we have
tested the potential applications of utilizing LMWGs for water
remediation through heavy metal adsorption. With a porous
network that entraps solvent molecules, gels provide attractive
scaffolds that capture various ions and molecules within the
cavity, particularly when the entrapped solvent is driven off.**
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This can open the door to utilizing gels in environmental
applications, specifically water remediation. Removing heavy
metal ions from water is an important aspect that has been
extensively studied recently.>*">® However, while employing
gels for such applications, it is required to fabricate a robust
material that is not soluble in water, even partially.

Recently, we have reported one LMWG viz. N*,N* N°-tri-
(1H-tetrazol-5-yl)-1,3,5-triazine-2,4,6-triamine (G8), which can
be utilized to discriminate between isomers of amino pyridines
through fluorometric investigations.’® Interestingly the gel
strength of G8 is found to be moderate. However, G8 is found
to be non-stable when treated with excess water. This might
be due to the presence of non-hydrogen bonded tetrazole rings
in the periphery that interact extensively with excess water.
It is strategized that the incorporation of a second organic
molecule with hydrogen-bond donor-acceptor sites comple-
mentary to G8 may enhance the gel strength and stability in
water by reducing the excessive hydrogen bond interactions of
G8. With this background a new molecule viz. 3,3’,3"-(benzene-
tricarbonyltris(azanediyl))tris(4-aminobenzoic acid) (Gel Enhancer
or GE) has been designed and synthesized. This work discusses the
effect on gel formation and properties with G8 in the presence of
equimolar amounts of GE. As the resultant organogel is found to
be stable in water, it tends to form metallogels with toxic heavy
metal ions like Hg(u), Cd(u), and Pb(u); the gel was explored for
capturing these heavy metal ions from their aqueous solutions as
an effort towards water remediation. Interestingly, during the
adsorption study, the properties of metallogels obtained were
found to vary with different methods adopted for gel fabrication.
Slow diffusion of metal ions through the gel was found to be more
efficient than mixing the gelators and metal ions for the fabrica-
tion of metallogels in terms of the strength and stability of the
resultant gels. We did not find any previous literature report where
the modified hydrophobic organogel was used to remove Cl,
CH,CO0 ™, and SO,> salts of Hg**, Cd**, and Pb*" with notable
adsorption capacity. Other than this, the study has shown correla-
tions between metallogel strengths and their fabrication methods.
Herein, the remediation of water by xerogel G8GE has been further
investigated using ICP-AES, PXRD, BET and XPS techniques.

2. Experimental
2.1 Materials and methods

The chemicals used in this work, viz., cyanuric chloride, 5-amino
tetrazole monohydrate, 3,4-diaminobenzoic acid, trimesoyl
chloride, and heavy metal salts, have been taken from com-
mercial sources. DMSO/MQ-water or a mixture of solvents was
used for experimental analysis. Fourier-transform infrared
(FTIR) analysis was carried out using a Bruker tensor 27 FTIR
spectrophotometer. NMR spectra were obtained using an
AVANCE NEO500 Ascend Bruker Biospin International AG at
ambient temperature using DMSO-dg. For ESI-MS (electrospray
ionization mass spectrometry) mass data, a Bruker Daltonics
micro TOF-QII was used. Morphological study and 3-D trans-
formation from organogels to metallogels have been analysed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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using a Supra55 Zeiss field emission scanning electron micro-
scope (FE-SEM). The removal of heavy metal ions from con-
taminated water has also been confirmed by analysis of the
surface area of xerogels, which was carried out using a Quanta-
chrome, Autosorb iQ2 Brunauer-Emmett-Teller (BET) surface
area analyser. It was also examined using PXRD, XPS, and
ICP-AES techniques.'**7*®

2.2 Characterization

To investigate the presence of various functional groups and
changes during the formation of organogel and metallogels,
FTIR analysis was carried out for gelator molecules G8 and GE,
the xerogel of organogel G8GE, and metallogels M1G8GECI,,
M1G8GE(OAc),, M1G8GESO,, M2G8GECI,, M3G8GECI,,
M3G8GE(OAc),, where M1 = Hg(u), M2 = Cd(u) and M3 = Pb(u)
ions. The values of storage modulus and thixotropic behaviour for
organogel and all the metallogels have been determined using a
rheometer. The interaction ratio between G8:GE and all the
studies related to fluorescence data have been recorded with a
Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, model
FM-100) in a quartz cuvette (10 mm x 10 mm). The changes
found during the formation of metallogels by mixing and by
adsorption have been studied by FE-SEM analysis performed
using a Supra55 Zeiss FE-SEM. The powder X-ray diffraction
(PXRD) pattern for gelator molecules and all the xerogels have
been studied with a Rigaku smart lab automated multifunctional
X-ray diffractometer with a Cu Ko source (the X-ray wavelength
was 0.154 nm), 260 range of 5-90°, 0.02° step size, and 3° min "
scan speed. Removal of heavy metal ions from contaminated
water, recyclability of G8GE towards separation, and water reme-
diation at different pH from acidic to basic, were studied through
ICP-AES analysis. The surface area changes during the removal of
heavy metal ions have been analysed using BET and XPS analysis.

2.3 Synthesis of gelator components G8 and GE

The gelator molecule G8 was synthesized using a previously
reported method.*® For the synthesis of G8, 2.47 g (24 mmol) of
5-amino tetrazole monohydrate and 3.34 mL (24 mmol) of
triethylamine were taken in 80 mL ethanol under ice-cooled
conditions, and 8 mmol (1.472 g) of solid cyanuric chloride was
added into it by small portions. The reaction mixture was
refluxed for 3 h at 80 °C. After the reaction was completed,
the precipitate was filtered and washed with 3N HCI, water, and

Cl \ITN‘N

NN N
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methanol before being dried at room temperature under
vacuum (Scheme 1), and the desired gelator molecule G8 was
obtained. Product yield 80%.

The synthesis of organic molecule with carboxamide, amine,
and carboxylic acid groups for providing extensive hydrogen
bond forming sites to G8 has been designed, which can
strategically enhance the physical and chemical properties of
organogel G8. For the synthesis of 3,3’,3"-(benzenetricarbonyl-
tris(azanediyl))tris(4-aminobenzoic acid) as a gelation enhancer
(GE), 1.82 g (12 mmol) of 3,4-diaminobenzoic acid and 1.67 mL
(12 mmol) of triethylamine were taken in 50 mL of dry DCM
and the mixture was added dropwise into 50 mL chloroform
solution of 1.06 g (4 mmol) of trimesoyl chloride under ice-
cooled conditions. The reaction mixture was kept under this
condition for one hour, and then the mixture was refluxed for
12 hours. After the reaction was completed, the precipitate was
filtered and washed with 3N HCI and water before being dried
at room temperature under vacuum (Scheme 2). Product: yield:
83%. MS (ESI) of GE m/z: 613 (in positive mode) (Fig. S1, ESIT).
'H NMR (500 MHz, DMSO-d,) 6 ppm 10.47 (3 H), 8.68 (9 H),
8.19 (3 H), 7.81 (3 H), 7.61 (3 H), and 6.83 (amide-NH proton)
(Fig. S2, ESIf). '*C NMR (126 MHz, DMSO-d¢) 6 ppm 113.48
(6 C) 116.78 (6 C) 118.81 (3 C) 121.79 (3 C) 132.55 (3 C) 141.09
(3 C) 167.73 (3 C) 168.35 (3 C) (Fig. S3, ESIf). FTIR of GE:
1700 em™ ', 1659 cm ™', 1602 cm ™', 1520 cm ™', 1428 cm ™,
1301 cm ™, 1225 cm ™' (Fig. S4, ESIY).

2.4 Gels preparation

The synthesized molecule 3,3’,3"-(benzenetricarbonyltris(azane-
diyl))tris(4-aminobenzoic acid) behaves like a gelation enhancer
(GE) along with G8, which enhanced the strength and stability of
the gel even in water in comparison with the previously synthe-
sized gel only out of G8 (N*N*N°tri(1H-tetrazol-5-yl)-1,3,5-
triazine-2,4,6-triamine). For the formation of G8GE organogel,
0.03 mmol of G8 and 0.03 mmol of GE were solubilised in
1 mL of DMSO by heating. After a clear red-brown solution of
G8GE was obtained, 1 mL milli Q water was added to it.
Instantaneously a yellowish-brown coloured organogel was
formed. Similarly, 0.03 mmol of each gelation component
(i.e., G8 and GE) was dissolved in 1 mL DMSO by heating,
and 0.03 mmol of heavy metal salt dissolved in 1 mL Milli Q
water was added separately. After mixing with each other, red
brown metallogels of M1G8GECL,, M1G8GE(OAc),, M1G8GESO,,

CI)LN/)\CI

Scheme 1 Synthesis of gelator G8.
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Scheme 2 Synthesis of gelator enhancer GE.

M2G8GECl,, M3G8GECl,, and M3G8GE(OAc),, were fabricated
where M1 = Hg(n1), M2 = Cd(u) and M3 = Pb(u). However, using this
method, no metallogel formation was observed with Cd(OAc), and
CdSO,. Similarly, for metallogel formation using the adsorption
method, firstly, organogel G8GE was fabricated, and then 1 mmol
of individual metal salt dissolved in 1 mL milli Q water was slowly
added into the upper layer of the organogel of G8GE. After
24 hours, the upper aqueous layer was removed and strong
metallogels viz. M1G8GECLAds, M1GS8GE(OAc),Ads, M1G8GE-
SO,Ads, M2GS8GECL,Ads, M2GSGE(OAc),Ads, M2G8GESO,Ads,
M3GS8GECLAds and M3G8GE(OAc),Ads were formed. All the gel
formation was confirmed using the test tube inversion method,
where gels do not flow under the effect of gravitational force.

2.5 Morphology of gels

Morphological studies of organogel G8GE and its metallogels
with heavy metal salts have been investigated using FE-SEM
technology. The SEM images described the changes in self-
assembly from organogel to respective metallogels. For this
analysis, the sample preparation was carried out on a small
glass slide and, after drying, it was coated with a gold 10 mm
coating. The coating thickness can be increased or decreased
based on the sample nature.

2.6 Rheological properties of gels

Oscillating rheology was performed on an Anton Paar physica
MCR 301 rheometer for investigation of the mechanical and
thixotropic behaviour of organogels and metallogels. The
experiments were carried out with a 25 mm parallel plate with
a 0.5 mm true gap at 25 °C. Frequency sweep experiments were
completed for the organogel and all the metallogels at 0.5%
strain which was taken from the angular sweep experiment
of organogel G8GE. The strain sweep experiment with time
or thixotropic behaviour was tested at minimum 0.5% and
maximum 100% strain. For the experiment, direct gel was put
on the stage of the rheometer with the help of a spatula with
minimum disturbance.

2.7 Gel melting temperature

The melting temperature of the organogel and metallogels was
determined with the help of a silicon oil bath. 2 mL v/v gel in

3606 | Mater. Adv, 2023, 4, 3603-3618

DMSO:H,0 was formed in a 5 mL glass vial, and it was
immersed in a silicon oil bath on a manual heating plate.
When the temperature began to increase, the changes could be
seen for the conversion of the gel towards a sol. The tempera-
ture at which the gel start getting converted into a sol can be
seen using a thermometer, which was dipped in the oil bath.
This temperature was noted as the melting temperature or
transition temperature of gel (Tg.). After complete conversion
of the gel into sol, the heating was turned off. After 10 min the
sol was again converted into a gel showing the gel-sol-gel
transition property of the gel.

3. Results and discussion

Water is an essential part of our life. Contamination of water
bodies by various pollutants like heavy metals is a challenging
issue, and developing suitable materials to reduce such pollu-
tion is receiving attention for researchers worldwide. There
are many reports on removing heavy metal contamination
from water using nanocomposite powder and other hybrid
materials.**2 Out of those adsorbents, the new material for
water purification as an adsorbent, i.e., gels, is introduced with
its great sensitivity toward metal ions and its heterogenous
nature within the water system.

In this work, the synthesis of the organic molecule GE is
strategized as it contains carboxamide, amine, and carboxylic
acid sites with the chances of generating extensive hydrogen
bonds. For the synthesis of a gelation enhancer (GE), diamino-
benzoic acid and triethylamine were taken in 50 mL of dry
DCM, and the mixture was added dropwise into 50 mL of
chloroform solution of trimesoyl chloride under ice-cooled
conditions. The reaction mixture was kept under this condition
for one hour, and then the mixture was refluxed for 12 hours.
After the reaction was completed, the precipitate was filtered
and washed with 3N HCI and water before being dried at room
temperature under vacuum. GE was characterized using ESI-MS,
FTIR, 'H, and "*C NMR spectroscopy. The IR spectrum of the GE
molecule reveals the characteristic band for carboxylic acid C—=0
at 1700 cm ™!, carboxamide C—O0 at 1659 cm ™, amide N-H at
1602 cm ™', primary amine N-H at 1520 cm ™', and the presence of
C-0 at 1225 cm™ . In the "H NMR spectrum, the carboxylic acid
proton was observed at 10.47 ppm, aromatic protons were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed within the range of 8.68-7.61 ppm, and amide -NH
proton was found at 6.83 ppm. In *C NMR, the peak for
carboxylic carbon was found at 168.35, for carboxamide carbon
at 167.73, and those for all the aromatic carbons were found
between 141.09 to 113.48 ppm. The ESI-MS spectrum shows the
molecular ion peak at 613 in positive mode, confirming the
synthesis of GE.

However, we could not find a suitable solvent composition
that can allow GE to form a stable gel, albeit a robust one.
Therefore, we thought to study the influence of GE in the
fabrication of gel with the previously synthesized gelator
molecule G8, which also has many sites for hydrogen bond
interaction. It is easily noted that the hydrogen-bond forma-
tions could be complementary between G8 and GE (Scheme 3).
As expected, the results of the interaction of G8 with GE gave
a water-stable organogel G8GE. It also shows metallogel fabrica-
tion with heavy metal salts by mixing gel components in DMSO:
H,O mixture and metallogels M1G8GECl,, M1G8GE(OAc),,
M1G8GESO,, M2G8GECl,, M3G8GECI,, and M3GSGE(0OAc),
are obtained. Interestingly in these cases, the strength of the
gel was found to be decreased with the incorporation of metal
ions, which is the reverse of the general trend.>*>* It signifies
that the non-covalent interactions between G8 and GE mole-
cules are disturbed by the insertion of metal salts with mixing.
To overcome this disturbance, we have taken the unique
approach of allowing the metal ions to diffuse through the
bulk gel materials in a layering technique, revealing the
increased storage modulus of metallogels compared to the
organogel and mixed metallogels. This observation also led to
the application of mixed organogels in heavy metal adsorption
from aqueous solution. This will open the door to utilizing this
untapped technique for water remediation.
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3.1 Critical gel concentration, hydrophobic and shape
forming nature of organogel G8GE and their metallogel
formation with heavy metal salts

In an earlier communication, we reported that G8 could form a
gel with a DMSO and H,0O mixture, but it has also been observed
to become soluble in water after sonication. When G8 and GE are
dissolved in 1 mL of DMSO and 1 mL H,O was added into it, rapid
gel formation occurs. This gel has been found to be hydrophobic
in nature; it was not soluble in water even after sonication or
stirring for an extended period. Notably, a very minimum concen-
tration of G8 and GE can also show gel formation. To determine
the CGC values of organogel G8GE, different amounts of G8 and
GE were taken from 0.01 to 0.1 mmol with a constant volume ratio
of DMSO: H,0, taking each solvent in 1 mL of volume. It was
found that even 0.01 mmol (3 mg) of G8 and 0.01 mmol (6 mg) of
GE in 2 mL of a DMSO:H,0 mixture formed a transparent
yellowish-brown gel. Therefore, the CGC for G8GE is 10 mM
(0.01 mmol per mL) (Fig. 1(a)). Attempts to fabricate a gel with
a further lower concentration of G8 and GE were not successful.

The Job plot, for which the fluorescence experiment was
done, suggested that the ratio of the interaction of G8:GE is
maximum at 3:2, so the G8GE organogel was fabricated at a
3:2 ratio, i.e., with 0.03 and 0.02 mmol, respectively. However,
the rheological experiments carried out with organogel G8GE in
different concentrations starting from 0.01 to 0.1 mmol indi-
cated that the most effective concentration for the strongest gel
formation is a 1:1 ratio of G8 and GE with 0.03 mmol of each in
2 mL of a DMSO:H,0 mixture (Fig. 1(b)-(d), Fig. S5-S7 and
Table S1, ESIt). Previously, organogel G8 was fabricated and
was found to be less stable in water than the mixed organogel
GS8GE reported here. The hydrophobicity of the fabricated gel
was checked with the addition of the G8GE gel in water in a

. Aromatic core ring of GE

‘ Aromatic side ring of GE

‘Tetrazole ring of G8
Aromatic cyanuric
core ring of G8

@ Hydrogen atom

® Oxygen atom
© Nitrogen atom

Scheme 3 G8 and GE showing alternative hydrogen bond donor—acceptor sites.
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Fig. 1 (a) Formation of gel GBGE at different concentrations. (b) 3D graph showing the best gelation concentration for the GBGE organogel. (c) Images

of organogel G8GE at a 1:1 and 3:2 ratio. (d) Linear viscoelastic (LVE) experiment for GBGE under 0.03:0.03 mmol conditions. (e) LVE experiment for

G8GE under 0.03:0.02 mmol conditions.

beaker with the help of a syringe, and it was found that the drop
of gel formed a flat circular disc-like shape within the water
layer. After adding several drops, many such disc-shaped struc-
tures can be seen inside the water and separated from each
other. Its hydrophobicity was also checked by making a circle
with a gel in a petridis containing water. The formed structures
within the water layer remain as such, with no apparent change
in shape or size, indicating the hydrophobic nature of the gel
system. The organogel G8GE has a soft, flexible nature, because of
which it can be shaped into different structures (Fig. 2(a)-(c)).
The metallogel formation has been explored with G8GE, and
it was found that with a suitable proportion of gelator compo-
nents and metal salts, the fabrication of gels can be achieved
with HgCl,, Hg(OAc),, HgSO,, CdCl,, PbCl, and Pb(OAc),.
However, no gel formation was observed with Cd(OAc), and
CdSO,; rather, gelatinous solutions were obtained indicating
the involvement of the counter-anions as well. Another method
has been used to form metallogels, i.e., the adsorption method
by which the metallogel fabrication has been carried out with
all three heavy metal (Hg, Cd, and Pb) salts. It is fascinating to
note that in these cases, the metallogels formed by the adsorp-
tion method have shown much higher strength with respect to
the metallogels obtained by simple mixing (Fig. 2(d) and (e)).

3.2 Fluorescence behaviour of gelator components, organogel,
metallogels and notable difference using the gelation method

The spectroscopic study of G8, GE, and G8GE gives interesting
results. The molecule G8 with a broad UV-Vis peak in solution

3608 | Mater. Adv,, 2023, 4, 3603-3618

around 335 nm showed a fluorescence peak at 445 nm with
moderate intensity when excited at 350 nm.*® The UV-Vis data
of GE also show a broad UV-Vis peak around 328 nm, and at
350 nm excitation, it gives a fluorescence peak at 428 nm in a
DMSO:H,0 solvent system. When the UV-Vis analysis was
carried out for the gel made from G8GE, a broad UV-Vis peak
was found at around 330 nm, which shows an emission peak at
431 nm when excited at 350 nm excitation wavelength (Fig. S8,
ESIt). The synthesized gelator enhancer GE shows moderate
fluorescence (emission wavelength 428 nm), which is a little bit
stronger than the G8 molecule (emission wavelength 435 nm)
(Fig. S9, ESIT). However, in G8GE where the interaction of G8
and GE is taking place, some intramolecular motions are
restricted due to the formation of non-covalent interactions
between these two gelator components. As a result, the fluores-
cence is increased. The data were recorded with G8GE solution,
GS8GE gel, and metallogels. It was found that the fluorescence
intensity was different under different conditions. When 1 mM
DMSO: H,O solution of G8 (2 mL), GE (2 mL) and G8GE (1:1
mL) was analysed by fluorescence experiment, the relative
intensity was found in the order of G8 < GE < GS8GE with
Amax values at 435 nm, 428 nm, and 431 nm, respectively
(Fig. 3(a)). While in the same experiment, when carried out
only in DMSO, the relative intensity order remains the same
while the A,.x values change to 432 nm, 409 nm, and 419 nm
respectively (Fig. 3(b)). The values of A,,,.x are greater in the case
of DMSO: H,O as compared to only DMSO, which indicates the
presence of intramolecular charge transfer (ICT) within the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecules where the wavelength increases with increasing the
polarity of the solvent.>®” The fluorescence intensity and
wavelength were affected by the solvents system, which has been
confirmed by fluorescence analysis of 0.3 mM G8GE solution in
DMSO and in the solvent combinations (1:1) of DMSO:EA,
DMSO: DMF, DMSO:MeCN, DMSO:MeOH, DMSO:EtOH and
DMSO: H,O0. In the case of polar aprotic solvents, the intensity
was much higher than polar protic solvents with lower wave-
lengths of Amax values (Fig. S10, ESIT). The driving force behind
this observation might be the hydrogen bond formation in polar
protic solvents with G8 and GE gelation components. This led to
the disturbances in the interactions of G8 and GE, resulting in the
decrement in fluorescence.

The solution of G8GE also shows aggregation-induced
enhanced emission (AIEE).”® For this, 1 mM solution of G8GE
in a DMSO : H,O mixture was taken as a stock solution, and the
fluorescence intensity was found to be increased with increas-
ing concentration. This might be due to the restriction in
intermolecular rotation with the aggregation of G8GE mole-
cules (Fig. 3(c)). Interaction of G8 with GE by Job plot indicated
that the 0.4 mole fraction of GE shows a higher fluorescence
intensity. Therefore, the interaction ratio for G8:GE is 3:2
(Fig. 3(d) and 4(b)).

Fluorescence experiments were also carried out by dissolving
organogel and metallogels in DMSO. As a general methodology,
50 mg of gel which was formed by mixing, was dissolved in 3 mL
of DMSO, and fluorescence data were recorded with 350 nm
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excitation. It was found that the intensity of the G8GE gel was
greater than those of other metallogels, and in the case of
M1G8GE(OAc),, it was almost quenched. However, the fluores-
cence data of metallogels formed by adsorption show increased
fluorescence intensities compared to mixed metallogels (Fig. S11a
and b, ESIt). The reason might be the disturbances created by the
metal insertion in the assembly of G8GE molecules during its
mixing. However, in the case of adsorption-based gels, metal ions
are allowed to take favourable positions within the gel matrix
without much disturbance, thus reinforcing the assembled struc-
tures making the fluorescence intensities stronger. To understand
the influence of Hg(u) on the florescence properties of G8GE,
1 mM solution of organogel in DMSO was treated with increasing
concentration of Hg(u) by gradual addition of 1 mM solution of
HgCl, in H,O in a constant volume. With the decreasing amount
of G8GE and an increasing amount of HgCl,, a significant
decrement in fluorescence with a slight bathochromic shift is
observed. Similarly, when the same experiment was carried out by
dissolving G8GE and mercury salt in a 1:1 mixture of DMSO and
H,0, a similar observation was recorded (Fig. S12, ESIT). The data
indicate that the incorporation of metal ions interferes with the
non-covalent bonding between G8 and GE.

3.3 Morphological analysis of the organogel and metallogel
of G8GE

The morphology of the G8 organogel was found to be a
continuous tiny fibre-like structure, as reported in our previous
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(a) Organogel G8GE at different concentrations. (b) Ratio of interaction of G8 and GE. (c) FE-SEM image of G8GE (gel of 0.03:0.03 mmol of G8

and GE) and (d) FE-SEM image of G8GE (gel of 0.1: 0.1 mmol of G8 and GE).
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work.*® When the G8 molecules were combined with GE, a
drastic change was observed in the morphology. Interestingly,
morphology changes were also observed with G8 and GE ratio
alteration. When the gel is formed with 0.03 mmol of each of
G8 and GE in 2 mL of DMSO-H,O0 solution, the morphology
reveals nano-branched thread-like structures connecting to
make a net of gel fibers. However, in higher concentrations
with 0.1 mmol of each of G8 and GE, it shows nano thread-like
structures which are closely packed within the 3D network of
the gel. These indicate that branches in higher concentrations
of gel are closely packed to cover a wider area as connected with
nano-threads (Fig. 4). These 3D changes in morphology from
organogel G8 (continuous tiny fibre-like structure) to mixed
organogel G8GE (nano-branched threads) reveal that the self-
assembly of G8GE forms a more robust gel network.

Furthermore, the formation of metallogels of G8GE with
heavy metal salts also shows 3D nanostructured metallogel
fabrication. The FE-SEM images confirmed that the metallogel
morphologies are different when fabricated following different
methods, ie., mixing and adsorption methods. The mixing
method furnished metallogel M1G8GECI, with a sharp leaf
and flower pattern, M1G8GE(OAc), with flower-like morphology,
M1GS8GESO, and M2G8GECI, with a network structure of threads.
A leaf-like closely packed structure attached to each other was
obtained for M2G8GE(OAc), while in M2G8GESO,, M3GS8GECI,
and M3GSGE(OAc), dense fibrous morphology is recorded
(Fig. 5). The metallogel fabricated using adsorption methods
shows dense fibrous morphology for all the cases. This signifies
that with this method, metal ions do not disturb the G8GE gel
matrix significantly (Fig. S13, ESIt). EDX and mapping analysis
has been carried out and found the presence of respective
elements inside the gel matrix (Fig. S14-S21, ESI¥).

3.4 Effect of the method of gel formation on their rheological
properties

A rheological study was taken up to determine the relative gel
strength. A significant difference was found between the gel

View Article Online
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strength of previously fabricated organogel G8 and the mod-
ified organogel G8GE. The value of storage modulus (G’) for G8
was 236 Pa*® while the value for G8GE (0.03:0.03 mmol, 1:1
ratio) is 3517 Pa and 1593 Pa for 3:2 (0.03:0.02 mmol)
of G8:GE (Fig. S22, ESIt). When metallogels were formed
by the mixing method, the values of storage modulus (G’)
for M1GS8GECl,, M1G8GE(OAc),, M1G8GESO,, M2GS8GECI,,
M3GS8GECI, and M3G8GE(OAc), were found to be 1976, 189,
4838, 176, 140 and 2646 Pa respectively indicating the role of
counter anions in the gel strength (Fig. $23-S28 and Table S2,
ESIt). While gel formation was achieved using an adsorption
method, the values of storage modulus for M1G8GECL,Ads,
M1G8GE(OAc),Ads, M1G8GESO,Ads, M2G8GECl,Ads, M2G8-
GE(OAc),Ads, M2G8GESO,Ads, M3G8GECI, and M3G8GE(OAc),
were found to be 11730, 3055, 10872, 11830, 13815, 13635,
10747 and 13119 Pa respectively (Fig. S29-S36 and Table S3,
ESIt). This indicates that the adsorption method provides stron-
ger metallogels with respect to the mixing method. This might be
due to some disturbances in the assembled structure between the
gelator components G8 and GE, while metal ions are incorporated
through mixing (Fig. 6). However, the adsorption method allows
the metal ions to diffuse through the gel network without any
disturbance to take up the preferred positions inducing a more
robust gel fabrication.

3.5 Study on the self-assembly of G8GE gelator components
and their gels

Based on the Job plot, which was analysed using a fluorescence
method, the ratio of maximum interaction between G8 and GE
was found to be 3:2. An organogel was formed with this ratio,
and the IR data of the xerogel revealed that the carboxylic acid
group, tetrazole -NH and secondary amine of G8 and GE
participate in the formation of hydrogen bonds providing a
strong gel network of G8GE. It was already reported that the
gelator molecule G8 shows the IR band at 1339 cm ™' for the
presence of the cyclic -C-N=C- group, at 1523 and 1422 cm ™"
for tetrazole. The presence of a secondary -NH group was

Fig. 5 FE-SEM images of (a) M1G8GECIL,, (b) M1G8GE(OAC),, (c) M1GBGESO,, (d) M2G8GECIL,, (e) gelatinous solution of M2G8GE(OAc),, (f) gelatinous

solution of M2G8GESOQ4,, (g) M3G8GECL,, and (h) M3G8GE(OAc),.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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verified with the band at 1637 cm ™. The gelator component GE
shows an IR band at 1225 cm ™' for C-O, 1520 cm ™" for primary
amine, 1602 cm™~* for amide -NH, 1659 cm ™" for amide -C—=0
and 1700 cm ™! for carboxylic -C=O0 groups. Now, in the case of
the G8GE xerogel, the IR band of amide -C=—O was observed at
1640 cm ' in the place of 1659 cm ™", and the carboxylic acid
group shows a broad feature at 1693 cm ™. Also, the IR band at
1422 for tetrazole C-N shifted toward 1415 cm™"'. The down-
ward shifts in wavenumbers of these groups strongly recom-
mend their involvement in hydrogen bond formation between
G8 and GE (Fig. 7(a)). The fabrication of gels was also studied
using a PXRD technique. In the case of G8 peaks observed with
the value of 260 = 20.12° (d = 4.48 A) for intercolumnar stacking,
20 = 27.64° (d = 3.32 A) for n—n stacking and 20 = 34.35° (d =
2.73 A) for hydrogen bonding while for GE peaks are at 20 =
25.52° (d = 3.57 A) and 20 = 42.39° (d = 2.28 A) for n-n stacking
and hydrogen bonding respectively. When the organogel G8GE
was formed, the PXRD peaks found at 20 = 21.30° (d = 4.24 A)
indicated the presence of intercolumnar stacking, 20 = 25.66°
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(d = 3.56 A) and 26 = 27.50° (d = 3.33 A) shows the presence of
n-n stacking between G8 and GE.>"®' The PXRD pattern of G8,
GE, and G8GE shows that these are crystalline in nature
(Fig. 7(b)). On the basis of the interaction ratio between G8
and GE ie., 3:2 and downward shifting in the IR band of
carboxylic acid, secondary amine, and tetrazole nitrogen, a
plausible structure with probable hydrogen bonding inter-
action was proposed for the organogel G8GE (Fig. 7(c)).

To confirm the probability of the given structure a DFT study
was carried out. The stable ground-state geometries of GE and
G8 were obtained using the hybrid density functional - B3LYP-
D3°>°® in combination with the 6-31G(d) basis set. The true
minimum was confirmed based on the absence of imaginary
frequencies. The binding of GE and G8 was studied by optimiz-
ing the complex, and the binding energy was computed using
the following equation:

Binding energy = Ecompiex — (2Ege + 2 X Egg). . .For
structure G8GE

where Ecomplexs Ege and Egg are the energies of the GE-G8
complex, GE and G8, respectively. All calculations were per-
formed using the polarizable continuum model (PCM) with
water as the solvent as incorporated in the Gaussian 16
program package. To estimate the strength of hydrogen bond-
ing in the composite gel, the H-bond binding energy (HBE) was
calculated based on the bond critical points (BCP of type
[3, —1]) according to Bader’s atoms in molecules (AIM) theory
using Multiwfn.®* The HBE was estimated using the following
equation:®®

HBE = —223.08 X p(rgcp) + 0.7423

where HBE is in keal mol ™", and p(rgcp) is in atomic units (a.u.).

The binding of GE with G8 (with two molecules of G8
and two molecules of GE) leads to a stabilization energy of
~60 kecal mol™'. The stabilization is largely due to multiple
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(a) FTIR data of G8, GE and G8GE xerogels. (b) Possible structure of gelator components G8GE interaction. (c) PXRD data of G8, GE and G8GE
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Fig. 8

intermolecular hydrogen bonds between N-H:--O, O-H:- N,
and O-H---O (Fig. 8). We estimate an average intermolecular
hydrogen bond strength of ~—9.14 kcal mol " (the hydrogen
bond energy per site is provided in Table S10 (ESIT)), Cartesian
coordinates of G8, GE, and G8GE (in Tables S11-S13, ESIt) and
strong hydrogen bonds in the range of 1.66-1.86 A. The
structures of G8, GE, and G8GE are also shown by DFT
(Fig. S37, ESIf). The HOMO-LUMO energy orbitals for G8 and
GE are mentioned in the ESIT (Fig. S38).

FTIR analysis of the xerogels of all the metallogels was
carried out and the changes in carboxylic, amide, and amine
groups were determined, which shows the changes in non-
covalent interaction inside the gel system by the insertion of
metal ions (Fig. S39, ESIf). To determine the effect of metal
insertion on noncovalent interactions in a gel matrix, PXRD
data analysis was carried out. All the xerogels of metallogels
formed by mixing and adsorption methods show basically three
PXRD peaks in the range of 20-23° for intercolumnar stacking,
26-28° for m-m stacking, and 32-45° for hydrogen bonding
interactions. The PXRD patterns of all the metallogels are
almost the same, showing similar interactions of heavy metal
ions with the gelator system G8GE (Fig. S40 and S41, ESIY).

3.6 Remediation of water (contaminated water treatment)

The organogel G8GE was found to be hydrophobic in nature.
It does not get dissolved in water even after sonication of the
organogel inside the large quantity of water (i.e., 2 mL gel by
volume in around 20 mL of water). The organogel can show
shape-forming properties even inside water. After sonication,
the organogel is dispersed in water, and it remains as a
separated layer of gel inside the mixture. The hydrophobic
nature of the gel and the ability to capture metal ions to
fabricate metallogels open the route of applying the organogel
for capturing toxic heavy metal ions in the remediation process
of water. The optimization condition for the removal of heavy
metal salt has been analysed with Hg(OAc), (1 mM, 20 mL H,0)

© 2023 The Author(s). Published by the Royal Society of Chemistry

(@) DFT structure of (a) G8 and (b) GE, and (c) a plausible structure of the interaction of G8 and GE.

with changes in the amount of adsorbent (xerogel) and time of
removal reaction (Table S4, ESIT). Optimization shows the best
condition for the removal reaction for 1 mM heavy metal salt in
20 mL water was six hours of stirring with 40 mg of xerogel
which results in almost 99% removal. Therefore, for the separa-
tion of heavy metal ions from water, 20 mL, 1 mM solutions of
different metal salts were taken separately and treated with
40 mg of the xerogel of G8GE. The solution was kept under
stirring at room temperature for six hours. After that, the
solutions were filtered, and the filtrates were checked with
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) to analyse the remaining amount of metal ions in
the aqueous system. It was found that xerogel G8GE adsorbs
56.27% of mercury chloride, 99.24% of mercury acetate, 99.90%
of mercury sulphate, 51.83% of cadmium chloride, 98.68%
cadmium acetate, 84.47% of cadmium sulphate, 59.70% of
lead chloride and 99.90% of lead acetate from heavy metal
contaminated water (Fig. 9). The adsorption capacities (g.) of
the G8GE xerogel for different heavy metal salts are given in
Table S5 (ESIt). The results show that xerogel G8GE adsorbed
metal acetate and metal sulphate salts more as compared to
metal chloride salt. The reason behind this might be the
stronger hydrogen bonding of acetate and sulphate ions with
G8GE molecules. The more electronegative oxygen atom of
acetate and sulphate ion must act as a stronger hydrogen bond
acceptor with hydrogen atoms of the primary amine of G8GE,
while chloride might form a less strong hydrogen bond due to
its comparatively less electronegativity. All the experiments and
results indicate that the xerogel of organogel G8GE is a water
remediation material for heavy metal removal from aqueous
solution. There are very few reports where gel materials are
utilized for capturing heavy metal ions from aqueous solutions.
Among them, the current system shows significant efficiency,
and the data are presented in Table S6 (ESIY).

After mercury adsorption by xerogel G8GE, it can be acti-
vated and recycled further. For this purpose, Hg(OAc), treated
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xerogel G8GE was taken in 20 mL of water, and a small amount
of KI (0.2 mmol, 34 mg) was added to it. The mixture was stirred
for three hours at room temperature and then filtered. The
filtrate was found to contain 99.61% of mercury which was
captured within the xerogel during the remediation of water by
xerogel G8GE. This means only 0.39% mercury could not be
recovered from the xerogel G8GE. This recovery was analysed
by ICP-AES analysis. The activated xerogel was further used
successfully for another cycle of heavy metal removal. This
regeneration method of adsorbent, ie., xerogel G8GE is a
cost-effective method where only by using potassium iodide,
which is a common laboratory salt, could the recovery of
adsorbent G8GE be achieved. Further changes between the
fabricated xerogel and the treated xerogel after the recovery of
mercury were analysed using a BET technique. BET experi-
ments were performed with N, adsorption—-desorption analysis
at 80 °C and 8 hours degassing time. The BET multipoint
surface area for the G8GE xerogel before use in heavy metal
removal is 6.651 m* g~ '. After the treatment with Hg(OAc),
the multipoint BET is found to be 4.010 m”> g~ " which is less
than the original due to the presence of mercury inside the gel
matrix. However, after the recovery of mercury from xerogel
GS8GE by treatment with KI, this value was found to be 6.549 m* g™ .
These changes in multipoint BET clearly indicate the adsorp-
tion and removal of mercury from water by xerogel G8GE
(Fig. S42, ESTY).

The removal of heavy metal salts by xerogel G8GE was
further examined through XPS analysis. For this, XPS analysis
was carried out for xerogel G8GE, mercury-treated G8GE
(mtG8GE), and mercury-recovered G8GE (mrG8GE). The XPS
survey spectrum of G8GE shows the presence of C1s, N1s, and
O1s at 285, 399, and 533 eV, respectively. Similarly, in mtG8GE,
the peaks at 285, 399, and 533 eV indicated the presence of C1s,
N1s, and O1s, respectively, with the addition of two new peaks

3614 | Mater. Adv., 2023, 4, 3603-3618

0.2 mmol KI
Fig. 9 Systematic representation of the removal of heavy metal salts from contaminated water and their ICP-AES analysis.

at 100.9 and 104 eV for Hg 4f,, and Hg 4fs),, respectively.
Furthermore, the survey spectrum of mrG8GE shows similar
peaks for C1s, N1s, and O1s with small intensity peaks at 101
and 104 eV for Hg 4f, which indicates that a small amount of
Hg remains inside the G8GE system (Fig. 10). The C1s spectrum
of xerogel G8GE reveals peaks at 284.4, 285.2, 287.9, and
288.9 eV for C—=C/C-C, C-N/C-O, N-C=N and -COOH/C=0
respectively. N1s shows the XPS peaks at 398.8, 399.8, 400.6,
and 402.0 eV for -NH,, -C—N, C-NH-C, and -NH, respectively.
The O1s spectrum shows the peaks at 530.9, 531.5, and 532.9 eV
for the -C-OH, -C=0, and -COOH groups, respectively.®®”"*
The XPS analysis of G8GE, mtG8GE, and mrG8GE is outlined in
Fig. S43-S45 and Table S7 (ESIt).

The effect on the morphology of the gel after utilization for
mercury capture from aqueous solution was also investigated by
FE-SEM image analysis (Fig. S46, ESIt). The microscopy reveals a
circular shaped morphology comprised of a nanofibrous network.
It is quite evident that after capturing mercury when treated with
an aqueous solution, the original morphology is altered due to the
interactions of the metal ion with the gel network.

3.7 Reusability of xerogels and the effect of pH on the removal
of heavy metal ions

To check the reusability of xerogel G8GE as a water remediation
material, G8GE was used for five consecutive cycles to remove
mercury, and the removal percentages are recorded as 99.21,
98.39, 98.34, 98.11, and 97.39 from the first to fifth cycle. At the
end of every cycle, the used xerogel G8GE was recovered by its
treatment with KI to remove the adsorbed amount of mercury.
These experiments show the reusability of xerogel, where the
removal percentages are found to be in the range of 97 to 99%
(Table S8, ESIt). The heavy metal separation capability of
G8GE has been checked in four different pH values of 3, 5.4
(DI water), 7, and 10. The results indicate 72.36, 99.24, 97.69,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 98.26 percent removal of mercuric acetate from aqueous
solution (Fig. 11 and Table S9, ESIt).

3.8 Thixotropic modification of metallogels using the
adsorption method

The self-healing properties and the thixotropic behaviour of low
molecular weight gels aid in the gel-sol-gel transition for many
cycles. Organogel G8GE also shows good self-healable proper-
ties. The time oscillation sweep (TOS) experiment has carried
out with three concentrations of organogel at 0.02:0.02,
0.03:0.03, and 0.04:0.04 mmol of G8:GE and it was found
that in the case of 0.03:0.03 mmol of G8:GE the recovery
of storage modulus is continuous and unaffected (Fig. S47,
ESIT). The metallogels, which have been fabricated by mixing,

Binding Energy (ev)

and (d) XPS spectrum of mtG8GE showing the presence of Hg 4f.

show low capacities as thixotropic gels, but metallogels which
have been fabricated by the adsorption method, displayed a
much better thixotropic nature. More significant decrement of
G’ values after the first cycle of TOS was observed in the cases of
M1G8GECl,, M1G8GE(OAc),, M1G8GESO,, and M3G8GE(OAc),.
It has been reported that within similar gel systems, when the
value of G’ increases, thixotropic behaviour decreases because of
the less viscous nature of gels. However, in this case, when the
metallogels have been formed by the adsorption method, the
thixotropic nature increases. This is because, during adsorption,
the metal ions interact with gelator components without making
any disturbance within the G8GE gel network. This leads to the
viscous nature of the gel being unaffected and is therefore
maintained (Fig. 12 and Fig. S48-S51, ESIT).
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Fig. 12 Comparison of the thixotropic behaviour by time oscillation sweep experiments for metallogels. (@) M1G8GECL,, (b) M1G8GE(OAc),,
(c) M1G8GESOQ,, and metallogels (d) M1IGBGECI,Ads, (e) M1G8GE(OACc),Ads and (f) M1GBGESO,Ads.

4. Conclusion

This work was focused on utilizing N*,N* N°-tri(1H-tetrazol-5-
yl)-1,3,5-triazine-2,4,6-triamine (G8), an LMWG, as a prospec-
tive heavy metal adsorbing material for water remediation. In a
previous report, we observed that G8 is not stable while treating
with excess water, thus is unsuitable for water remediation.
Herein, we have developed another organic molecule viz.
3,3/,3"-(benzenetricarbonyltris(azanediyl))tris(4-aminobenzoic
acid) (GE) with complementary hydrogen bond donor-acceptor
sites with respect to G8 as the gel strength enhancer to impart
stability even in aqueous medium. The resultant organogel
G8GE has shown the ability to form metallogels with Hg(u),
Cd(u), and Pb(u) salts. The hydrophobicity of the gel was evident
from the retention of the disc-shaped gel structure in aqueous
medium over a long period of time. With these hydrophobic
and metal adsorption properties, mixed organogel G8GE has
been found to efficiently remove toxic heavy metal salts HgCl,,
Hg(OAc),, HgSO,, CdCl,, Cd(OAc),, CdSO,, PbCl, and Pb(OAc),
from aqueous solution with an effective adsorption capacity (ge)
of 76.24, 157.79, 147.81, 52.09, 131.25, 284.93, 83 and
221.02 mg g~ respectively. The adsorbent xerogel G8GE can
be recycled for further utilization for five cycles with almost
99% recovery, which was tested for Hg(n) by treatment with KI.

Other than the use of G8GE for water remediation, the effect
of the method of gel formation on the rheological and fluores-
cence properties of the gel has also been described here. From
the Job’s plot, the maximum interactions between G8 and GE
were found to be 3:2; however, the rheological experiment
indicates the fabrication of the strongest gel at a 1:1 ratio. Two
different methods have been applied for metallogel formation
viz., mixing and adsorption method. The fluorescence spec-
trum of G8GE has shown a stronger fluorescence peak with

3616 | Mater. Adv., 2023, 4, 3603-3618

respect to G8 and GE due to the extended non-covalent inter-
actions and, consequently, the reduction in the non-radiative
decay process. At lower concentrations, G8GE has shown nano-
branched thread-like structures in SEM. However, at higher
concentrations, a closely packed 3D network of gel is fabri-
cated. Several experiments, including fluorescence properties,
morphology determination, and rheological studies, indicated
that the adsorption method for the fabrication of metallogels
does not disturb the G8GE network significantly, while metal
ions diffuse through the gel network. Thus, it has been proven
to be a more efficient process for gel formation over the mixing
method. The DFT optimization study supported the comple-
mentary hydrogen bond formation hypothesis between G8 and
GE. The limitation of this work is that the adsorption capacities
are different with different salts of Hg(u), Cd(u), and Pb(u),
which have to be analyzed further. Also, the effect of different
metal ions which might be present in contaminated water, for
example Hg(u), Cd(u), and Pb(u), in the adsorption process
needs to be found.

Conclusively, a hydrophobic organogel G8GE has been
fabricated with a tendency to form strong metallogels using
the adsorption method with heavy metal salts of mercury,
cadmium, and lead. This property of mixed organogel makes
it suitable for water remediation resulting in the notable
adsorption capacity of the G8GE xerogel toward heavy metals.
This idea of using a gel strength enhancer for different applica-
tions of gel materials might create new possibilities in the near
future.
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