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Silica-based monoliths functionalized with DTPA
for the removal of transition and lanthanide ions
from aqueous solutionsf
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Transition and rare earth metals serve as indispensable raw materials across a broad spectrum of techno-
logical applications. However, their utilization is frequently linked to substantial waste production.
Consequently, the recycling and recovery of these metals from end-of-life products or metal-contami-
nated aqueous environments hold significant importance within the framework of a circular economy. In
our investigation, we employed synthetic mesoporous silica monoliths, synthesized via the sol-gel
method and functionalized with chelating groups, for the efficient recovery of metal ions from aqueous
matrices. The monoliths were characterized using a multi-technique approach and were tested in the
recovery of paramagnetic Gd*>*, Cu?* and Co?* ions from aqueous solutions, using *H-NMR relaxometry
to evaluate their uptake performance in real time and under simple conditions. Detailed information on
the kinetics of the capture process was also highlighted. Finally, the possibility to regenerate the solid sor-

rsc.li/dalton bents was evaluated.

Introduction

Rare earth metals (REEs), transition metals and their com-
plexes exhibit distinctive magnetic, optical, and catalytic pro-
perties, rendering them indispensable to the technology
industry and, consequently, integral to everyday human life.
Over the last three decades, REEs and their compounds have
found widespread applications in various technological
domains, including rechargeable batteries, superconductors,
computer memory devices, magnets, mobile phones, catalysts,
illumination systems (i.e. light-emitting diodes, LEDs), and for
the preparation of magnetic resonance imaging (MRI) probes
based on Gd**-doped complexes."

Presently, the world reserves of REEs by major countries
(China, Brazil, Vietnam, Russia and India) stand at about 120
Mt," and these raw materials are being used and consumed at
an unprecedented rate.* REEs are, however, not homoge-
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neously distributed all over our planet, and are generally
found at low concentrations in mineral ores.” In particular,
China owns about one-third of the world’s REE reserves, and
is the largest producer in the current market." Transition
metals have similar importance to REEs in scientific techno-
logy and are therefore employed in a wide range of
applications.®® Globally, Chile and Congo are the largest pro-
ducers of copper and cobalt transition metals," while China is
the world’s leading consumer of cobalt and plays a prominent
role by producing about 43% of worldwide refined copper."

Among these metals, REEs have no clear biological role,*
but both their organic and environmental accumulation could
represent a future problem. It is crucial to consider that con-
taminated wastewaters from electronic waste or healthcare
facilities can introduce REEs and transition metals into the
environment.”'® This renders them emerging contaminants,
and their overall environmental impact is not yet fully under-
stood.* As an example, anomalously high quantities of Gd*'-
based MRI probes have been recently observed in San Francisco
Bay'' and in the underground sewers of Berlin.'?

Currently, most transition metals and REEs are obtained by
extraction procedures from their mineral ores, while recycling
techniques are still poorly explored.” Nowadays, the most used
recycling procedures are the liquid-liquid extraction (LLE) or
solid-liquid extraction (SLE) techniques, which allow recovery
of most of these metals in the form of ions from different solu-
tion-based media.
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SLE, which involves the use of solid materials that employ
different mechanisms for the sequestration of metal ions from
aqueous matrices, represents a suitable alternative to LLE
methods, ie ion exchange, adsorption and complexation.
These methodologies, as opposed to those of LLE, present
some advantages: (i) they necessitate fewer procedural steps
and circumvent the need for different solvents or specific
molecules, which pose challenges for disposal and
treatment;"*>'® and (ii) solid supports can be regenerated and
used again across numerous capture cycles, thereby enhancing
the sustainability of the process.

Avariety of solid sorbents have been studied with respect to
this aim, such as porous silica,"* " clays,>*** metal-organic
frameworks (MOFs),>*"*” nanoparticles,***° metal oxides**™?
and composite 2D materials.?***

Among porous materials, mesoporous silica monoliths
have been recently proposed for the removal of several con-
taminants in water and gaseous media (i.e. organic pollutants
or volatile organic compounds, VOCs),*” due to their chemical
stability and easy-to-functionalize structure. It is important to
note that silica monoliths also have the advantage of being
easy to handle and recover. Hence, their development rep-
resents a promising strategy to enhance the adsorption, recov-
ery, and reusability for subsequent treatment cycles of water
and soil containing heavy or precious metals.

Nevertheless, the silica surface of monoliths can be easily
modified by introducing specific organic functionalities to
mitigate the conventional issues related to adsorption-driven
metal sequestration processes, such as poor selectivity and
reversibility.>® To this aim, a possible strategy is to chemically
modify the monoliths’ surface with chelating agents, which
are able to coordinate lanthanide and transition metal ions.”
These organo-functional groups generally possess specific
binding sites that generate a stronger interaction with metal
ions or the contaminant under examination, increasing the
selectivity of the overall uptake process.>*® This strategy has
also been adapted for other materials on a few occasions, e.g.,
chitosan-silica hybrid materials functionalized with chelating
agents, such as DTPA (diethylenetriamine pentaacetic acid)
and EDTA (ethylenediaminetetraacetic acid),®® and magnetic
iron-nanoparticles coated with a silica shell and loaded with
DTPA (AMNP-DTPA).*

Recently, Gossuin et al. studied the adsorption of paramag-
netic Cu®" ions from aqueous matrices on alumina substrates
in real time using low-resolution "H-NMR relaxometry as an
alternative to traditional elemental techniques.*' This tech-
nique is based on the fact that the coupling between water "H
magnetic moments and paramagnetic ions in solution leads to
changes in the longitudinal (R,) and transverse (R,) relaxation
rates of the water protons,** which are proportional to the con-
centration of free paramagnetic ions through the relaxivity
parameter.*' Therefore, by measuring R or R, relaxation rates
of the 'H nuclei of water molecules in the presence of para-
magnetic species,*>*® it is possible to make real time evalu-
ations of the paramagnetic ion concentrations in water
media,**™® based on which relevant information on the
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capture performance of several solid sorbents can be gathered.
Low-resolution NMR relaxometry can thus serve as an ideal
analytical tool for monitoring the recovery processes of para-
magnetic species via SLE processes. This is particularly advan-
tageous considering that this procedure generally does not
require expensive instruments, and measurements can be
easily performed in real time using a small amount of sample
without pretreatment procedures,”” as is required for conven-
tional analytical techniques generally used for the determi-
nation of metal-ion concentrations in solution (e.g. ICP-OES).

Based on these assumptions, in this study, for the first
time, cylindrical-shaped mesoporous silica monoliths functio-
nalized with the diethylenetriamine pentaacetic acid (DTPA)
ligand have been synthesized and tested for the recovery of
paramagnetic Gd**, Cu®>* and Co”" ions from aqueous solu-
tions, considering the high affinity DTPA has for these metals
(logK of 19.3 and 21.5 for Co*"-DTPA and Cu**-DTPA, respect-
ively, at pH 7.4 and 295 K; log K of 22.5 for Gd**-DPTA, at pH
7.4 and 298 K).*® The capture process was primarily followed
over time using the "H-NMR relaxometry technique, obtaining
important information about the uptake mechanism and
related kinetic parameters. In addition, the regeneration of the
silica-based materials under acid conditions also
evaluated.

was

Results and discussion
Synthesis and characterization of silica monoliths

Synthetic silica-based monoliths were prepared using the sol-
gel method optimized in our laboratories,** followed by cal-
cination at high temperature to remove the structure templat-
ing agent of polyethylene oxide (PEO). The calcined solids
(MONO) were then functionalized with 3-aminopropyl-
triethoxysilane (APTS) to introduce amino functionalities on
their surface (MONO-APTS).

Thus, the NH, groups were exploited to anchor the DTPA
molecules on the surface, through the formation of amide
bonds with the carboxylic arms of DTPA (MONO-DTPA).

The structural features of the siliceous monoliths were
studied by X-ray powder diffraction analysis. As shown in
Fig. S1,f no reflections assigned to well-defined crystalline
plane families are discernible. As expected, the presence of a
broad signal between 2.5° and 6.5° 2 6 denotes a non-ordered
arrangement of the siliceous framework, which is typical of
amorphous materials.>

The morphological features of the materials were studied
by scanning electron microscopy (SEM). In Fig. 1, typical
micrographs of calcined (frame A) and functionalized mono-
liths (frames B and C) are reported. The materials exhibit a
general sponge-like morphology engendered by a continuous
siliceous structure, in agreement with already reported litera-
ture evidence.*%°1%2

CHN elemental analyses were performed before and after
the functionalization steps to collect more information about
the chemical composition of the prepared materials

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 SEM micrographs of MONO (A and A’), MONO-APTS (B and B’) and MONO-DTPA (C and C’) collected at different magnifications (3000x and
20 000x, respectively). On the right is a photograph of the monoliths along with the average dimensions of a single pellet.

(Table S1t). The data show that no organic compounds are
present in the MONO sample, thereby confirming the com-
plete removal of the PEO template by thermal treatment. The
amount of C% and N% increased after each grafting step,
further confirming the successful functionalization steps.

The amounts of APTS and DTPA functionalities, estimated
by CHN analyses, were found to be 1.35 + 0.02 and 0.31 +
0.01 mmol g~ in MONO-APTS and MONO-DTPA, respectively.
The amount of DTPA chemically anchored on the silica
surface suggests that not all -NH, groups of APTS were effec-
tively used during the functionalization with the ligand mole-
cule, as clearly monitored by FTIR spectroscopy (Fig. 2).

Normalized Absorbance / a.u.

3900 3600 3300 3000 2700 2400 2100 1800 1500
Wavenumber / cm™

Fig. 2 FT-IR spectra of MONO (a), MONO-APTS (b) and MONO-DTPA
(c) collected in a vacuum (residual pressure < 10~ mbar) at rt.

This journal is © The Royal Society of Chemistry 2024

The FT-IR spectrum of the MONO sample (Fig. 2, curve a) is
characterized by the presence of an intense band at
3745 cm™ ', which is associated with the O-H stretching (1)
modes of the isolated silanol (Si-OH) groups on the silica
surface, and a broad band between 3600 and 3000 cm ™" gener-
ated by vo-y of the surface hydroxyl groups interacting with
each other via hydrogen bonding.>® In the low frequency
region, two bands at 1986 and 1866 cm™" due to overtones and
combination modes of the silica framework vibrations®* are
present. In the spectrum of the MONO-APTS sample (Fig. 2,
curve b) new bands, which are associated with the introduced
amino functionalities, appear: at 3371 and 3316 cm™" due to
asymmetric and symmetric vy of amino groups;>* at 2939
and 2864 cm™ ' related to asymmetric and symmetric vc g
bond vibrations of the alkyl chain of APTS;***® and at 1650
and 1592 cm™' assigned to the bending (§) modes of N-H
oscillators of NH;" and NH, groups of the silane, respect-
ively.’* In the spectrum of the MONO-DTPA sample, three new
bands appear: at 1735 and 1400 cm™", which are associated
with the stretching modes of the COOH and COO™ species of
DTPA, respectively, and at 1630 cm™" due to the amide groups
introduced during the functionalization steps (Fig. 2, curve
¢).”® In both spectra of functionalized materials (Fig. 2, curves
b and c), a strong decrease of the signal for silanols (both free
and H-bonded) is also observed. This is a clear indication that
the grafting procedure was successful. The textural features of
the MONO samples, before and after the functionalization
steps, were investigated by N, physisorption analysis at 77 K
(Fig. S21). The samples showed type IV isotherms (IUPAC
classification), typical of meso-porosity, with H2 hysteresis
loops, commonly observed for mesostructured siliceous
materials.*® The specific surface area (SSA) was found to be
430 and 254 m* g~* for the MONO and MONO-DTPA samples,
respectively, as estimated by the multi-point Brunauer-

Dalton Trans., 2024, 53, 7801-7811 | 7803
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Emmett-Teller (BET) model (Table S21). The total pore volume
decreased from 0.999 cm® g~ for the MONO sample to
0.739 cm® g~' for the MONO-DTPA sample, as well as the
average pore diameter (see Table S2}). The decrease of these
parameters is attributable to the presence of DTPA molecules
inside the pores of the material, which partially occlude them,
as a result of the functionalization steps.

Uptake tests of lanthanide and transition metal ions from
aqueous solutions

Gadolinium (Gd**), copper (Cu**) and cobalt (Co**) ions were
selected from among lanthanides and transition metals for
the evaluation of the uptake performance of DTPA-functiona-
lized silica monoliths (MONO-DTPA) in metal-polluted
aqueous solutions. It has already been shown in our recent
study that low-resolution "H-NMR relaxometry is an excellent
substitute for conventional ICP-OES and ICP-MS techniques
normally used for the determination of the concentration of
metal ions in solution. Furthermore, the results obtained by
ICP-OES and NMR relaxometry shows that the concentrations
determined by the two techniques are strictly comparable.?’
Thus, the low-resolution "H-NMR relaxometry technique was
employed to study the uptake processes in real time and under
simple experimental conditions (10 MHz, 298 K, pH = 5),
without any pre-treatment of the samples. The metal ions
possess different ionic radii and coordination numbers (Gd**
=1.05 A with CN = VIII/IX, Cu?*" = 0.73 A with CN = VI and Co**
= 0.65 A with CN = VI) and exhibit paramagnetic properties
with a magnetic moment of 7.93 pg, 1.73 pp and 3.88 pg,
respectively.”” The uptake mechanism is formally based on the
formation of a complex between the DTPA chelating molecule
and the metal ions.””

The uptake tests were performed at pH = 5 to avoid precipi-
tation of the metal ions as hydroxide species (Fig. $37).>57°
Acidic conditions are typically used in industrial applications
for the extraction of heavy metals from polluted wastewater
and waste devices.®"

The experimental setup was conceived as follows: 20 mg of
the MONO-DTPA solid material was introduced into 10 mm
NMR tubes and 1 mL of a 10 mM aqueous solution of Gd**,
Cu”* or Co*" ions at pH = 5 was carefully added to each tube.
Once the sorbent was put into contact with the metal solution,
the tubes were inserted into the relaxometer probe, operating
at a fixed magnetic field of 0.235 T and temperature of 298 K.
Without performing any pre-treatment or further manipu-
lation of the samples, the metal capture process was studied in
static contact conditions by measuring the longitudinal relax-
ation rate (R,) of each metallic aqueous solution over time.
The concentration of free metal ions in solution and, conse-
quently, the concentration captured by functionalized silica
monoliths were then calculated using eqn (2) reported in the
Experimental section.®>

Quantitative uptake data are shown in Fig. 3. An exponen-
tial decrease of the R; values is observed in a time span of
about 8 h in all cases, which corresponds to an increase in the
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Fig. 3 (A) Ry percentage decrease over time and (B) mmol amounts of
Cu?* (a), Co®* (b) and Gd** (c) captured by 1 g of MONO-DTPA over
time (the points represent the mean value and the error bars indicate
the standard deviation; n = 3).

amount of captured metal ions from aqueous solution by the
MONO-DTPA sorbent (Table 1).

As reported in Table 1, MONO-DTPA was able to remove
from the aqueous solutions (and after 24 h of contact) 62.7%,
49.2% and 40.0% of Cu®*, Co>" and Gd*" ions, respectively. By
comparing the millimoles of the captured metal ions per gram
of sorbent with the concentration of available ligand on the
surface of the MONO-DTPA material (also expressed in mmol
¢~', as shown in Table 1), it can be inferred that there isa 1:1
interaction between the metal ions and the ligand molecules
during the complexation process in all the studied cases. In
addition, by comparing these two quantities it is possible to
observe that not all DTPA ligand molecules “reacted” with the
metal ions in solution.

Uptake tests were also carried out on as-synthetized mono-
liths (MONO) and  APTS-functionalized  monoliths
(MONO-APTS) to assess the actual role and efficiency of the
DTPA ligand in metal-ion capture processes. For this purpose,
relaxometry measurements were performed with Gd**, Cu®*

This journal is © The Royal Society of Chemistry 2024
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Table 1 Amounts of Gd**, Cu?* and Co?* metal ions captured by MONO-DTPA from their respective aqueous solutions after 24 h. The amount of

DTPA ligand per gram of material is also reported (standard deviations were

calculated from a triplicate set of analyses)

Sample mmol M"™/ g sorbent Captured M™" * % mg M"™/g sorbent [DTPA] (mmol g™*)
MONO-DTPA + Cu?* 0.29 +0.01 62.7 + 0.3 18.48 £ 0.11 0.31 +0.01
MONO-DTPA + Co** 0.24 + 0.01 49.2 £ 0.4 13.96 = 0.12 0.31 +0.01
MONO-DTPA + Gd** 0.19 + 0.01 40.0 £ 0.4 30.31 +0.34 0.31 +0.01

“In reference to the initial concentration value of each metal solution used (10 mM).

and Co>" aqueous solutions. As reported in Fig. S4 and
Table S3,1 the as-synthetized monoliths (Fig. S4,f frames A
and A’) are unable to capture metal ions, while the addition of
the APTS ligand (MONO-APTS) led to an increase in its capture
performance (Fig. S4,} frames B and B'), although not compar-
able to that of MONO-DTPA solids (Fig. 3). This suggests that
the MONO-APTS samples can establish an interaction with the
metal ions, but complexation phenomena with DTPA are fun-
damental to the increase in metal-ion recovery.

Assessments were made on the kinetics of the metal uptake
processes in the presence of MONO-DTPA and MONO-APTS
sorbents. The data obtained from 'H-NMR relaxometry were
quantitatively analyzed by using different mathematical
models (zero-order model, first-order model, Bhaskara
equation, parabolic diffusion model, and a modified
Freundlich model)®® to obtain a deeper insight into the metal

sequestration mechanism. Among all the models used, the
best fit of the experimental data was obtained by applying the
parabolic diffusion model®® (Fig. 4 and Fig. S51). This model,
applied to our cases, describes a capture mechanism governed
by diffusive phenomena®” associated with the disordered
structure of the silica monolith, and eqn (3) (see Experimental
section) mathematically defines the model. It is important to
highlight that diffusive phenomena are limiting factors par-
ticularly in the early stages of the capture process. For this
reason, the parabolic model correctly describes the experi-
mental data collected in the first phase of the uptake process.
Kinetic constants were quantitatively calculated from the
application of the model and are reported in Table 2 for
MONO-DTPA and in Table S4f for the reference MONO-APTS.
From the analyses of these values, the capture process appears
to be faster for the Cu®* ions (k = 0.2848 s™), followed by Co>*

0.7
[e) A Co”
0,6
05
o
S 044
.
= 031
-
0,2 4
0.11 y = 0.2848x - 0.0318x? 0.14 y = 0.2736x - 0.0322x2
0.0 R? =0.9923 0.0- R? = 0.9832
0 1 2 3 4 5 0 1 2 3 4 5
t0.5 t0.5
0,7
0,6
0,51
§° 0,4
S~
= 031
-
0,2 4
0.11 y = 0.2116x - 0.0257x?
o0dw R?=0.9790
0 1 2 3 a 5
{05

Fig. 4 Kinetic analysis of the uptake data for the MONO-DTPA monolith.®®

This journal is © The Royal Society of Chemistry 2024
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Table 2 Kinetic constants (k) and correlation coefficients (R?) obtained
after linear fitting of relaxometric NMR data for Cu?*, Co?* and Gd>*
jons with the parabolic model,®® derived from the tests carried out in
the presence of MONO-DTPA solid

Sample cu** Co™ Gd**
MONO-DTPA k=0.2848s7" k=0.27365"" k=0.2116s""
R*=0.9923 R*=0.9832 R*=0.97903

(0.2736 s™') and Gd*" (0.2116 s™'). The same behavior is
observed for the MONO-APTS samples (Table S47).

Extraction performances

An evaluation of the MONO-DTPA extraction efficiency in
relation to the various treated metal ions was carried out using
the mass-weighted distribution coefficient (Kg, mL g)
(Fig. 5), calculated according to eqn (1):

Ci—CsV

Ki —
d C¢ m

(1)
where C; and Cr are the initial and final concentrations of the
free metal ions in solution (mM), V is the volume of the test
solution (mL) and m is the amount of silica monoliths used
for uptake tests (g).

MONO-DTPA has higher affinity toward Cu®*" compared to
the other two tested metals (Fig. 5), with a K4 value of 84.13 =
1.12 mL g~', thus supporting our hypothesis of a stronger
interaction between the DTPA ligand (grafted on the monolith)
and the Cu®" ions. Considering the complexity of our system,
in which a chelating agent is anchored onto the inner silica
surface of the material, i.e. within its pores, our hypothesis is
that the observed behavior could result from diffusional
phenomena. In this context, the Cu®>" ion seems to diffuse
better inside the channels of the solid with respect to the
other metal ions. A similar trend was also observed in a pre-
vious work carried out by our research group in which Na-SAP,

80

60

40

Ky/mLg’

20

Co**

Gd** Cu®*

Fig. 5 Distribution coefficient (Ky) values of the MONO-DTPA samples
used in the capture of the Gd**, Cu?* and Co?" ions from 10 mM
aqueous solutions (the bars represent the mean value and the error bars
indicate the standard deviation; n = 3).
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a clay having cation-exchange properties, was used for the
uptake of the same three metal ions (Gd**, Cu®*" and Co**).*”
Even in that case, although the uptake mechanism is different,
the least sequestered metal ion was the Gd*" ion, probably due
to the size and charge of the ion in an environment where
diffusion phenomena control the capture process.’”” In
addition, we observed a correlation between the kinetics and
uptake data as having the same trend: the fastest capture
process is in the case of Cu®" ions, followed by Co®* ions and
then Gd*" ions.

Regeneration tests

The possible regeneration of silica monoliths was investigated
in order to use them in subsequent metal capture cycles. For
this purpose, the MONO-DTPA samples used in the uptake
tests were treated in acid solution to induce the release of
metal ions from the metal complexes formed during the
capture processes, since generally DTPA-based metal com-
plexes are subjected to decomplexation at very acidic pH
values.®” The regeneration procedure was monitored by
"H-NMR relaxometry, in a similar way to that described in the
previous subsection. During material regeneration, the release
of metal ions into the acid solution leads to an exponential
increase in R; values over time, which is associated with the
gradual formation of metal aquaions.** In detail, MONO-DPTA
monoliths were placed in contact with 1 mL of 0.01 M HCI
solution at pH = 2, and the amount of released metal ions was
determined after 24 h (Fig. 6). Under these conditions, the
material is stable; indeed, CHN elemental analysis of a sample
of MONO-DTPA placed at pH = 2 for 24 h showed no percen-
tage decrease in the organic fraction of the material.

The MONO-DTPA samples released an amount of 11.1%,
14.4% and 18.5% of Cu**, Gd** and Co*" ions, respectively, in
aqueous solution. The percentages were calculated starting
from the previously captured quantities of each metal ion
(Table 3). Based on the measurements of metal-ion uptake and

21

B Cu*
E Gd™
] Co™

% Released M™

cu?*

Gd3+ COZ+

Fig. 6 Percentage of metal ions released from the MONO-DTPA
samples following the regeneration procedure at pH = 2 after 24 h.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Percentages of released metal ions from MONO-DTPA
samples after 24 h of regeneration, under the two tested pH conditions
(standard deviations were calculated from a triplicate set of analyses)

% Released [M™] % Released [M"™']

Sample pH=2 pH=1

MONO-DTPA + Cu?" 11.1+£0.1 28.5+0.2
MONO-DTPA + Gd** 14.4 £ 0.4 63.8 0.3
MONO-DTPA + Co** 18.5+£0.2 61.9+0.1

kinetics, it appears that the Cu** ions exhibit a greater affinity
for the DTPA ligand when compared to the other two metal
ions. The strong affinity observed is likely to impact the regen-
eration. As expected for the DTPA and EDTA-based sorbents,*
MONO-DTPA regeneration is generally mild due to the high
stability of the complexes formed by the chelating agent used
(the DTPA molecule) and the metal ions tested.

More encouraging results have been obtained by treating
MONO-DTPA at pH = 1 (Table 3). Unfortunately, these strong
acidic conditions led to the removal of the chelating agent
linked to the monolith surface. However, the siliceous mono-
lith remained intact after the treatment at lower pH and can
be eventually used for a novel functionalization with the che-
lating agents.

Comparison with other literature materials

A comprehensive comparison was conducted between the
maximum uptake capacities for Cu** ions of MONO-DTPA syn-
thesized in this study and other natural and synthetic
materials frequently employed for the removal of metal ions,
given their characteristics as cation exchangers (Fig. S7 and
Table S51).*”°>"®” The capture performances of MONO-DTPA
are better than those of clay materials, and it is important to
consider that the latter occur as powders. On the other hand,
the functionalized silica monoliths developed in this work are
massive solids, and this feature makes them easier to use: it is
only required to set the material in contact with the metal-ion
solution and remove it after 24 h. Therefore, fewer operational
steps are required in polluted water cleanup treatment pro-
cesses. In addition, since this material occurs as a massive
solid, real time monitoring of metal-ion sequestration is poss-
ible through relaxometric techniques using inexpensive instru-
ments and through nondestructive analyses, which would not
be possible using powder materials that are suspended in solu-
tion, making relaxometric measurement difficult to be carried
out.

Conclusions

In this study, DTPA-functionalized silica monoliths, prepared
by the sol-gel technique followed by two functionalization
steps, were used as solid sorbents for the recovery of different
paramagnetic metal ions (Gd**, Cu®**, and Co**) from aqueous
solutions. The metal sequestration process was monitored in
real time by "H-NMR relaxometry under simple experimental

This journal is © The Royal Society of Chemistry 2024
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conditions (10 MHz, room temperature and pH = 5), without
any pretreatment of the samples. The modified silica mono-
liths were able to recover an appreciable amount of both di-
and trivalent metal ions. The best results were obtained in the
case of Cu®" after 24 h of contact, with a recovered amount of
0.29 mmol g™ corresponding to 18.48 mg g™ .

The regeneration of silica sorbents was then evaluated in
an HCI solution at pH = 2 to facilitate the release of the
selected captured metal ion and thus the regeneration of the
complex itself. The gentle regeneration of the material is
attributed to the robust stability of the DTPA complexes.
Consequently, the effective capture of metal ions in solution is
achievable; however, regenerating the metal-binding complex
necessitates highly acidic conditions. Experiments conducted
at pH = 1 resulted in the complete removal of the DTPA func-
tionalizing molecule from the material surface. Nevertheless,
the material itself remained intact even under severe acidic
conditions, allowing for its reuse in subsequent functionali-
zation processes. The development of this study will necess-
arily encompass the efficient capture and release of metal ions
under controlled conditions. This approach requires an accu-
rate design of the ligands to be able to: (i) generate metal che-
lates that are less thermodynamically stable but more selective
and (ii) release the ion under mild and controlled pH
conditions.

Silica monoliths have shown higher capture performance
than that of clay materials commonly used for the same
purpose. Furthermore, they possess the advantage of occurring
as a massive solid rather than as a powder, making it possible
to employ the "H-NMR relaxometry technique. These features
make MONO-DTPA an excellent material for metal-ion seques-
tration from aqueous media, which is easier to use and handle
compared to conventional powder systems. Future perspectives
encompass several crucial aspects: (i) refining the steps
involved in material functionalization to enhance the quantity
of introduced ligands; (ii) exploring ligands capable of efficien-
tly coordinating metal ions while permitting decomplexation
under non-destructive acidic conditions for the inorganic
support; and (iii) assessing the metal-uptake performance
across multiple consecutive cycles.

Experimental section
Materials

Synthesis of silica monoliths. Synthetic silica-based mono-
liths were prepared using the sol-gel method optimized in our
laboratories.>>*° In detail, 37.14 g of tetraethyl orthosilicate
(TEOS, 98%; Merck KGaA), previously weighed in a Falcon®
vial, and glass tubes each containing a Teflon® tube sealed at
the bottom with silicone plugs were placed in a thermostatic
bath at —19 °C. Simultaneously, 4.64 g of polyethylene oxide
(PEO, average M, 20k; Merck KGaA) was added to an acid
aqueous solution composed of 45.50 g of ultrapure water and
3.71 g of nitric acid (HNO; 70%; Merck KGaA) in a 100 mL
flask. The mixture was sonicated for 45 min at 59 kHz and
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30 °C to dissolve the PEO and the flask was then placed in an
ice bath at 0 °C. Once the solution reached thermal equili-
brium with the ice bath (ca. 10 min), TEOS was added drop-
wise under stirring and the synthetic gel was then left under
stirring for 30 min. After 30 min, the Teflon® tubes were filled
with the synthetic gel, sealed at the top with silicone stoppers,
closed with caps and submerged completely in the antifreeze
liquid in the thermostatic bath. The bath temperature was set
at 45 °C and the tubes were left inside for 3 days.

After 3 days, the formed silica monoliths were removed
from the tubes and placed in a water bath at room temperature
(rt), which was regenerated every 30 min until neutral pH of the
monoliths was reached. The silica monoliths were then added to
a 0.1 M ammonia solution (NH3, 28-30%; Merck KGaA) inside a
Teflon® bottle and placed in an oven at 45 °C for 24 h to catalyze
the Ostwald ripening mechanism of the weakly condensed silica
units.® After 24 h, the monoliths were washed again until
neutral pH with ultrapure water and slowly dried at rt for 3 days.
After 3 days, they were cut into pellets of 1 cm in length and cal-
cined in an air flow at 650 °C for 6 h at 3 °C min~" to remove the
organic template (PEO). The obtained silica monoliths are here-
after named MONO (Fig. S6+).

Functionalization of silica monoliths. The silica monoliths
(MONO) were functionalized with the metal chelating agent di-
ethylenetriamine pentaacetic acid (DTPA, >99%; Merck KGaA)
through a 2-step synthesis involving: (1) the grafting of the
3-aminopropyltriethoxysilane molecule (APTS, >98%; Merck
KGaA) and (2) the reaction between APTS and DTPA
molecules.

Functionalization with APTS. 2 g of monoliths was pre-
treated in a vacuum at 150 °C for 2 h to remove physisorbed
water. After 2 h, the monoliths were kept under an N, flow and
dispersed in a solution consisting of 100 mL of anhydrous
toluene (99.8%j; Merck KGaA) into which 1.08 mL of APTS was
added dropwise from a dropping funnel.

The mixture was then placed under slow stirring at 50 °C
for 24 h. After 24 h, the monoliths were filtered on a Biichner
filter and then washed with toluene and diethyl ether to
remove the unreacted APTS. Finally, the monoliths were dried
at rt in air for 24 h. The obtained functionalized silica mono-
liths were named MONO-APTS.

Functionalization with DTPA. 1.08 g of DTPA was dissolved
in 50 mL of N,N-dimethylformamide (DMF, >99.8%; Merck
KGaA) under stirring. After the DTPA dissolution, 1.04 g of 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridi-
nium 3-oxide hexafluorophosphate (hexafluorophosphate aza-
benzotriazole tetramethyl uronium, HATU; >98.0%; Merck
KGaA) was added to the solution, and the mixture was stirred
until complete dissolution of HATU. Afterwards, 500 pL of
N,N-diisopropylethylamine (DiPEA, >99%; Merck KGaA) was
then added and, after 10 min, 1.01 g of MONO-APTS was
added, too. The whole mixture was left to react for 24 h at
40 °C under slow stirring. After 24 h the monoliths were fil-
tered on a Biichner filter with ultrapure H,O and then dried in
air at rt for 4 days. The obtained functionalized silica mono-
liths were named MONO-DTPA.
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Hydrothermal stability tests of silica monoliths. The stability
of silica monoliths in the aqueous phase was tested as follows:
two MONO-DTPA pellets of 1 cm in length were placed each in
5 mL of water at 50 °C at two different pH values of 1 and 2.
Their stability in water was tested after 24 h through CHN
elemental analyses.

Gd*" solution (10 mM). 185.9 mg of gadolinium(m) chloride
hexahydrate (GdCl;-6H,0, 99.999%; Merck KGaA) was dis-
solved in 50 mL of an aqueous hydrochloric acid solution
(HCl, 37%; Merck KGaA) at pH = 5 to avoid the precipitation of
the metal as a hydroxide.

Cu”* solution (10 mM). 85.3 mg of copper(u) chloride dihy-
drate (CuCl,-2H,0, >99.0%; Merck KGaA) was dissolved in
50 mL of an aqueous HCI solution at pH = 5.

Co®" solution (10 mM). 64.9 mg of anhydrous cobalt(u)
chloride (CoCl,, >98.0%; Merck KGaA) was dissolved in 50 mL
of an aqueous HCI solution at pH = 5.

Uptake tests of Gd**, Cu®* and Co”" ions from aqueous metal
solutions

In detail, 20 mg of MONO-DTPA was placed in 10 mm NMR
tubes with 1 mL of 10 mM aqueous solutions of Gd**, Cu®*" or
Co®" at pH = 5. Each sample tube was placed in the probe of a
fast-field cycling (FFC) Stelar SmarTracer relaxometer.
Measurement of R, values over time of the aqueous metal solu-
tion above the solid sorbent was then performed for each tube
at fixed magnetic field of 10 MHz, temperature of 298 K and
under static conditions.

In the presence of paramagnetic ions, an increase in the R;
(and R,) values of water protons (*H) can be observed due to
the coupling of their magnetic moments with paramagnetic
ions: this change is proportional to the concentration of free
paramagnetic ions in aqueous solution through the parameter
named relaxivity, as shown in eqn (2):°*

R R,¢
' [metal]

(2)

where R, (s7') is the 'H longitudinal relaxation rate, R,% is the
diamagnetic contribution of pure water (0.38 s™* at 298 K and
10 MHz) and r; (mM™" s7') is the relaxivity parameter, which
is typical for each metal aqua-ion under specific experimental
conditions. Indeed, the r; values are 17.9, 1.3 and 0.14 mM™*
s™ for [GA(H,0)s]*", [Cu(H,0)s]*" and [Co(H,0)s]*", respect-
ively, at 298 K and 10 MHz.°*% Consequently, a decrease in
the R, parameter over time corresponds to a decrease in the
concentration of free metal ions in solution, and thus an
increase in the concentration of metal ions captured by the
adsorbent.

Mathematical evaluation of the uptake kinetics

Assessments regarding the kinetics of uptake processes were
made. The experimental NMR data were analyzed quantitat-
ively by using different mathematical models to understand
the kinetics of the metal sequestration process for all three
metals studied in more detail: (1) zero-order model, (2) first-
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order model, (3) Bhaskar equation, (4) parabolic diffusion
model and (5) a modified Freundlich model. A complete
description and physical meaning of each model are detailed
in the work of Zhang et al.*

The best fitting of relaxometric uptake data in all the cases
explored experimentally was obtained using the parabolic
diffusion model, which describes a diffusion-controlled event/
metal uptake process, and is mathematically defined by eqn (3):%

M;

1-—Lt=
My

—kpt® + mt (3)

where M, and M; are the concentrations (mM) of paramagnetic
Gd**, Ccu®" and Co®" ions in solution (mM) at the beginning of
the tests (time “0”) and at various contact times ¢ (from
15 min to 24 h), k is the kinetic or rate constant of the uptake
process and m is a constant.®’

Regeneration of silica monoliths after uptake tests

The MONO-DTPA solids used for the metal uptake tests (after
24 h) were first dried in air for 3 days and then dispersed in
1 mL of a HCI solution at pH = 2 to dissociate the formed
metal complexes (with DTPA) from the silica monoliths. The
material regeneration process was followed by "H-NMR relaxo-
metry at 10 MHz and 298 K, using eqn (2) to calculate the
metal-ion concentration released in solution following the
decomplexation of the DTPA-metal complexes on the silica
monoliths. The R, values were collected after 24 h.

Characterization methods

— CHN elemental analyses were performed using an EA3000
CHN elemental analyzer (EuroVector, Milano, Italy).
Acetanilide, purchased from EuroVector (Milan, Italy), was
used as the calibration standard (C % = 71.089, H % = 6.711, N
% = 10.363).

— X-ray powder diffractograms (XRPD) were collected on
unoriented ground powders on a Bruker D8 Advance powder
diffractometer (Karlsruhe, Germany), operating in Bragg-
Brentano geometry, with a Cu anode target equipped with a Ni
filter (used as an X-ray source) and with a Linxeye XE-T high-
resolution position-sensitive detector. Trio and twin/twin
optics are mounted on the DaVinci design modular XRD
system. The X-ray tube of the instrument operates with Cu-K;
monochromatic radiation (1 = 1.54062 A), with current inten-
sity and operative electric potential difference set to 40 mA
and 40 kv, respectively, and with automatic variable primary
divergent slits and primary Soller slits of 2.5°. The X-ray pro-
files were recorded at room temperature in the 0.7°-10° 26
range with a coupled 20 — ¢ method, continuous PSD fast scan
mode, time per step (rate or scan speed) of 0.100 s per step,
and 2 6 step size (or increment) of 0.02°, with automatic syn-
chronization of the air scatter (or anti-scatter) knife and slits
and with a fixed illumination sample set at 15 mm.

— The water proton longitudinal relaxation rates (R,) were
measured by using a fast-field cycling (FFC) Stelar SmarTracer
relaxometer (Mede, Italy) operating at fixed magnetic field
strength of 10 MHz proton Larmor frequency range (0.235 T)
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and at 298 K. The measurements were carried out using stan-
dard non-polarized NP/S sequences with a typical 90° pulse
width of 3.5 ps and reproducibility of data within +0.5%. The
temperature was controlled with a Stelar VIC-91 heater airflow
equipped with a copper-constantan thermocouple (uncertainty
of 0.1 °C).

— Infrared spectra were collected using a Thermo Electron
Corporation FT Nicolet 5700 spectrometer (Waltham, MA,
USA) operating in the 4000-400 cm™ range with a 4 cm™
resolution. The measurements were made using self-support-
ing pellets of the MONO and MONO-DTPA samples obtained
by grinding a piece of silica monolith and compressing the
obtained powder with a mechanical press at 6 tons cm™>. The
pellets were then introduced into a suitable IR cell equipped
with KBr windows, which was permanently attached to a
vacuum line (residual pressure < 1 x 10~° mbar) to perform
the analyses. All IR spectra were collected at rt, and the
samples were pre-treated at rt for 1 h in a vacuum to remove
any traces of physisorbed water. The absorbance values in the
spectra shown in Fig. 2 are normalized by the density of each
sample’s pellet to ensure accurate comparison among them.

— Nitrogen N, physisorption measurements were conducted
at the N, cryogenic temperature (77 K) under relative pressure
from 1 x 107° to 1.0 P/P, by using a Quantachrome Autosorb
1MP/TCD instrument (Florida, USA). Prior to the analysis, the
samples were outgassed under the following conditions: 343 K
for 90 min, 373 K for 8 h (residual pressure lower than 10~°
Torr). Specific surface areas (SSAs) were determined using the
Brunauer-Emmett-Teller (BET) equation within the relative
pressure range of 0.01 to 0.1 P/P,. Pore-size distributions were
obtained by applying the non-localized density functional
theory (NLDFT) method (N, silica kernel based on a cylindrical
pore model applied to the desorption branch).

— Scanning electron micrographs were recorded with a
Quanta 200 FEI (Hillsboro, OR, USA) scanning electron micro-
scope (SEM) operating at 30 kV with an EDAX (Mahwah, NJ,
USA) 60 mm® Octane Super EDS detector attachment. Before
SEM analysis, the samples were sputtered with a 20 nm layer
of platinum to increase the conductivity of their surface.
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