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Abstract

Silica gel polymer material with imprinted phosphate cavities was successfully obtained
using one-pot sol-gel reaction. Differences in the textural properties concerning the
reduction in specific area and pore size between functionalized and pristine silica gel
demonstrated the presence of the phosphate moieties in the cavities. The chemical and
structural characterization of the functionalized material before and after copper
adsorption was performed by Fourier-transform infrared spectroscopy (FTIR) and solid-
state 2Si and 3'P nuclear magnetic resonance (NMR) spectroscopy. All these measures
proposed a phosphate non-covalently bound in the cavities of the silica gel and stabilized
by silanol groups on the surface of the matrix. The phosphate-copper complex is removed
after the metal desorption process, and the free cavities in the silica matrix can be
replenished with phosphoric acid without affecting its adsorption capacity. The entire
process of phosphate incorporation, copper adsorption, and metal-ligand desorption was
repeated in three cycles, showing a similar metal adsorption capacity. Energy-dispersive
X-ray spectroscopy (SEM-EDX) experiments were performed to monitor the presence and
proportion of phosphorus and copper at each step of the phosphate loading and copper
adsorption processes. These results demonstrate the feasibility of synthesizing a
rechargeable polymer material with functional molded cavities with phosphate groups
capable of adsorbing copper ions. Finally, this investigation represents the first approach
to new materials with a rechargeable ligand system for the adsorption of heavy metals.

Keywords: silica gel; molecular imprinting; phosphate—copper interaction; adsorbent;
rechargeable cavities
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1. Introduction

The increasing contamination of aquatic environments with heavy metal ions has
raised serious environmental and public health concerns. Among these pollutants, copper
ions (Cu(ll)) are particularly critical due to their widespread industrial use and toxicity at
elevated concentrations in water streams [1]. In response, the development of efficient
remediation materials based on adsorption processes has attracted significant attention
[2-6].

Within this context, hybrid silica-based adsorbents synthesized via the sol-gel
method have emerged as promising candidates owing to their tunable porosity, high
surface area, and the ability to incorporate functional groups tailored for specific metal
ion interactions [7-9]. Functionalization with phosphorus-based ligands, such as
phosphonates and phosphates, as well as amino acid moieties, has shown effective
coordination with various heavy metal cations, including Pb(Il), As(V), and Cr(III) [10-
15]. Despite these advances, many studies prioritize adsorption performance without
investigating the stability or recyclability of the functional groups involved. Particularly
when non-covalent interactions dominate the binding process.

Phosphate moieties offer an attractive alternative to covalently grafted ligands due
to their ability to form stable ionic interactions with metal cations, while also being
potentially desorbable and reloadable under controlled chemical conditions [16,17]. In this
regard, new approaches have been proposed for the uptake or association of metal ions
such as calcium in silica cavities, where the phosphate functional groups are not
covalently grafted onto the silica surface, but are stabilized by silanols [16,18].
Stabilization of these phosphate groups within the silica matrix, particularly through
hydrogen bonding with silanols on the surface, enables the self-design of cavities in
mesoporous materials that mimic the principles of molecular imprinting during the sol-
gel process. However, these studies did not report information on the reusability or the
ligand reloading system of these materials. Therefore, the ligand reloading strategy could
lead to reusable adsorbents capable of undergoing repeated cycles of metal ion uptake,
ligand desorption, and functional replacement with profitable ligands. However, before
evaluating the adsorption efficiency and recyclability of these new materials for
environmental applications, an initial assessment stage is necessary to understand their
viability as an adsorbent.

In this study, we report the synthesis of a phosphate-functionalized silica polymer
material (SG-P) via a one-pot sol-gel process. Tetraethyl orthosilicate (TEOS) was used as
the silica matrix precursor, and triethyl phosphate (TEPO) was used as the phosphorus
source and the cavity templates by molecular imprinting. The resulting polymer material
contains phosphate moieties non-covalently retained within the silica network. The
effectiveness of the Cu(Il) adsorption capacity of the material from aqueous solutions, as
well as the possible loss of phosphate groups in the desorption process, is followed by
SEM-EDX. Phosphoric acid was employed as a ligand reloading strategy to replenish the
phosphate functionalities and restore the material’s adsorption capability. This approach
establishes a novel framework for a profitable and recyclable polymer adsorbent system.

To evaluate the structure-function relationship and regeneration potential of the
material, a combination of different analytical techniques of Brunauer—-Emmett-Teller
(BET) surface analysis, solid-state 3P and »Si nuclear magnetic resonance (NMR)
spectroscopy, energy-dispersive X-ray spectroscopy (SEM-EDX) elemental analysis, and
surface acidity by potentiometric titrations was employed. The main goal is to understand
the mechanism of the noncovalent ligand performance and the effectiveness of the
recharging process for the heavy metal uptake. To our knowledge, no similar system on
functionalized materials has been described in the literature. Therefore, these findings
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offer new insights into the design of reusable functionalized silica adsorbents with
reloadable active sites for use in future sustainable water treatment technologies.

2. Materials and Methods
2.1. Materials

Silica gel matrix precursor tetraethyl orthosilicate (TEOS) >99% and triethyl
phosphate (TEPO) as functionalizing and imprinting agent, and triethylamine (TEA)
>99% were purchased from Sigma Aldrich (Toluca, Mexico). Absolute ethanol, acetone
>99%, hydrochloric acid 37 wt%, nitric acid 299%, phosphoric acid 299%, and sodium
chloride 299% were supplied by Fermont (Monterrey, Mexico). All reagents were used
without further purification.

2.2. Synthesis of Adsorbent SG-P

Tetraethyl orthosilicate (TEOS), triethyl phosphate (TEPO), ethanol, sodium chloride,
and deionized water were mixed in a plastic beaker. The reaction was then catalyzed by
the addition of hydrochloric acid and stirred to promote the hydrolysis and
homocondensation of TEOS and the incorporation of TEPO into the forming polymer.
Finally, triethylamine (TEA) was added to induce gelation (crosslinking) of the polymer
(Figure 1). The resulting gel was aged for three days at room temperature. Subsequently,
the material was dried in an oven at 60 °C, and the dried material was then washed three
times using deionized water and acetone. Each washing step involved (1) dispersing the
material in the solvent mixture, (2) stirring for 10 min, and (3) centrifugation to separate
the solid phase. The washing cycle was repeated until the supernatant was clear, ensuring
the removal of unreacted species and by-products. After the washing procedure, the
material was dried again in an oven at 60 °C. Different synthesis formulations were
evaluated by varying the TEOS:TEPO molar ratio and the pre-gel hydrolysis and
condensation time, as summarized in Table 1. The time reported in Table 1 corresponds
to the reaction period before TEA-induced gelation, whereas all gels were subsequently
aged for three days at room temperature. Because several formulation variables were
modified simultaneously, this experimental matrix was used as an empirical synthesis
rather than as a factorial optimization of individual synthesis parameters.

I
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Figure 1. Synthesis of the silica gel with phosphates (SG-P) by a one-pot process (hydrolysis of
precursors TEOS and TEPO, polymerization) and silica matrix formation by crosslinking.
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Table 1. Composition of the empirical synthesis used to prepare SG and SG-P1-SG-P6 at different
TEOS:TEPO molar ratios and pre-gel hydrolysis and condensation times.

Molar Ratios
Sample TEOS TEPO EtOH NaCl H:0 HCl TEA TEOS:TEpo ©re-GelHydrolysisand Con-
densation Time (h)

SG-P1 1 1 7 0010 7 0018 072 11 2
SG-P2 1 1 7 0010 7 0018 050 11 24
SG-P3 2 1 11 0015 11 0018 072 2:1 2
SG-P4 2 1 11 0015 11 0018 058 2:1 72
SG-P5 1 2 10 0015 10 0012 043 12 2
SG-P6 1 2 10 0015 10 0012 043 12 72
SG 1 - 4 0010 4 0018 072 1:0 2

2.3. Characterization of SG-P Adsorbent
2.3.1. Textural Properties

Textural properties of the material’s surface were performed utilizing nitrogen ad-
sorption—desorption analyses by an advanced ASAP 2020 KMP (Micromeritics, Norcross,
GA, USA) system at 77 K. SG and SG-P1-6 samples of approximately 0.3 g each under-
went a thermal treatment at 423 K under vacuum (10 pm Hg) for 6 h to ensure the com-
plete desorption of surface-bound species. The specific surface area was quantified
through the Brunauer-Emmett-Teller (BET) method, analyzing adsorption data across the
relative pressure interval of 0 <P/Po < 0.3. The total pore volume was assessed at a relative
pressure of P/Po=0.995, the pore size distribution was obtained using the Barrett-Joyner—
Halenda (BJH) method, with data acquired in the pressure range of 0.42 < P/Po < 0.98.

2.3.2. Potentiometric Titration of the SG-P Adsorbent

The functionality of the phosphate moieties in the SG-P adsorbent was determined
by an automatic potentiometric titration procedure. A sample of 0.25 g of adsorbent was
placed in a double-walled Pyrex vessel, mixed with 50 mL of a 0.1 N NaNO: solution used
as an inert electrolyte. This mixture was equilibrated at 25 °C overnight under CO»-free
conditions by a continuous N2 flow to avoid dissolution of CO: gas into the system. The
initial pH of the sample was measured with an Orion VersaStar Pro pH meter from
Thermo Scientific (Singapure) (+0.001 pH units of resolution). A single junction glass pH
electrode (Orion, Ross Ultra Thode pH range: 1-13, filled with 3 M KCl) was calibrated
using commercial pH buffers (buffer solutions with pH =4.00, 7.00, and 10.00). After equi-
librium was completed, a small amount of either acid or base was added to shift the pH
to the initial titration pH. After this starting point was reached, titration with 0.1 N NaOH
(or HNOs) was performed using a Dosimat 876 plus Metrohm microburet (Metrohm AG,
Herisau, Switzerland), which allows for accurate dosing of titrant additions (+ 0.001 cm3).
The microburet was connected to a PC terminal that administered the titrant dose. The
titration process was controlled by a LabView program (LAbView 2020). To control titrant
additions, the stability of pH was determined as follows: the advancement of titration was
established by the restrictions permitted for pH change (ApH) and the time pauses at
which pH values were compared (At). In these experiments, ApH was set to 0.005 pH
units, At was set to 60 s, and Av was set to 0.05 mL. The experiments were carried out in
a pH range of 3-11 in triplicate to determine the uncertainties of pKa values. The amount
of protons reacted per mass of adsorbent Q, in mmol g, was calculated from a balance
on protons given by (Equation (1)):

0 = %{Vi (Ci=C)+V N, =, + 1) ((H*], - [0H], )} @
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where m is the mass of adsorbent, Vi, is the initial volume of solution, V is the volume of
titrant, €} and C} are the initial analytical concentrations of acid (or base) added initially
to the system, Nris the normality of titrant, and [H*]; and [OH™]; are the actual concen-
trations of these ions corrected for activity coefficients from the experimentally measured
values using the Davies equation [19]. The titration data were transformed into the proton
isotherm (Q(pH)), and then the pKa values of the phosphate groups were calculated using
the proton affinity distributions (PAD) method with the SAIEUS 2.02 program [20,21].

2.3.3. FTIR Analysis

Samples of the functionalized material SG-P and SG-P-Cu after copper adsorption,
as well as a sample of non-functionalized silica gel (5G), used as a control, were analyzed
by Fourier-transform infrared spectroscopy (FTIR) to determine changes in the chemical
composition. All measurements were performed in a Thermo Fisher Scientific Nicolet
FTIR spectrometer Model iS50 equipped with an attenuated total reflectance (ATR) de-
vice. Spectra were acquired after 16 scans using a spectral width range of 500-4000 cm™
and a resolution of 4 cm™.

2.3.4. %51 and 3P NMR Spectroscopy

NMR measurements were performed on an InfinityPlus NMR spectrometer (Agilent
Technologies, Santa Clara, CA, USA) operating at 7 T. Samples were packed into 6 mm
ZrO2 pencil rotors and measured at a magic-angle spinning (MAS) speed of 6 kHz. A 90°
pulse length of 5.0 us and a relaxation delay of 3 s were used. Cross-polarization (CP)
NMR spectra were recorded with a contact time of 5 ms. Please note that the relative in-
tensities of signals in the CP MAS NMR spectra do not correlate with the relative amounts
of the corresponding species. Detailed discussion of this point can be found elsewhere
[22,23].

2.4. Copper Adsorption Tests
2.4.1. Aqueous Solutions of Cu (II)

A 1000 mg L' Cu(II) stock solution was prepared by dissolving dry CuSO+5H20 in
deionized water. All diluted solutions were prepared by dilution of the stock solution.
The concentration of Cu was determined by an atomic absorption spectrometer (Agilent
240FSAA, Agilent Technology).

2.4.2. Maximum Cu(Il) Uptake

The maximum Cu(Il) uptake measurement was tested for all SG-P samples to select
the material with the highest Cu(Il) uptake performance. Each of the synthesized adsor-
bents (50 mg) was contacted with 1 mL of a 100 mg L-! Cu(ll) solution at pH 5 and stirred
at 120 rpm at 303 K for 24 h. After that time, the liquid was separated, and the initial and
final Cu concentrations were measured. The amount of Cu adsorbed at equilibrium was
determined by the mass balance (Equation (2)):

.= 1% (c(;n— Cy) 2

where g is the amount of Cu(Il) adsorbed on the surface of adsorbents (mg g™), V is the
volume of the Cu(Il) solution (L), Co and Csare the initial and final Cu(II) solution concen-
trations (mg L), respectively, and m is the mass of adsorbent used.

2.4.3. Adsorption and Equilibrium Experiments

Additional adsorption kinetic and equilibrium experiments were performed to fur-
ther characterize the Cu(Il) adsorption behavior of the synthesized materials. The
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experimental procedures, nonlinear regression analyses, kinetic modeling, equilibrium
isotherm modeling, and the corresponding results are described in Section S3 of the Sup-
plementary Materials. Figure S3 and Table 54 present the experimental kinetic data, non-
linear model fittings, and fitted kinetic parameters, whereas Figure 5S4 and Table S5 pre-
sent the experimental equilibrium isotherm, nonlinear isotherm fittings, and fitted iso-
therm parameters.

2.5. EDX Elemental Analysis

Scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectros-
copy (EDX) was used to analyze the elemental composition of the SG-P adsorbent before
and after the Cu(Il) uptake process. The analyses were carried out with a JEOL JSM6610LV
(JEOL Mexico) at an accelerating voltage of 20.0 kV, using a tungsten filament. This setup
allowed for high-resolution imaging and accurate EDX detection, providing essential in-
formation about the changes in elemental distribution and structural features of the ad-
sorbent.

Cu Adsorption-Desorption Process Using a Phosphate Reload System

The reuse of phosphate-functionalized silica (SG-P) focused on evaluating at least
three phosphate-reloading and Cu(Il) uptake cycles through consecutive adsorption—de-
sorption processes. After Cu(Il) uptake, the resulting SG-P-Cu material was submitted to
a desorption treatment using a 0.02 M HCI solution for 24 h at 303 K under continuous
stirring at 120 rpm. This acid treatment was used to remove both the adsorbed Cu(Il) ions
and the phosphate moieties weakly retained within the silica cavities. The solid was sub-
sequently separated from the acid solution by filtration, washed three times with distilled
water to eliminate residual acid, and dried at 60 °C for 2 h. The desorbed sample was then
analyzed by SEM-EDX to confirm the effective removal of phosphorus and copper species.
Following the desorption step, the silica gel matrix was reloaded with phosphate groups
by contacting it with a 0.01 M HsPOs solution under identical conditions (303 K, 120 rpm,
24 h). After reloading, the material was filtered, washed with distilled water, and dried at
60 °C. Again, the successful reincorporation of phosphate moieties within the silica struc-
ture was verified by SEM-EDX. This functional recycling system was designed to evaluate
the ability of the silica matrix to recover its functional sites by introducing fresh phosphate
fractions from affordable phosphoric acid and maintain its Cu(Il) adsorption capacity.
This information will provide important data on the behavior of the SG-P material after
repeating multiple cycles of functional regeneration and adsorption—desorption processes
(Figure 2).
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Figure 2. Schematic representation of the functional recycling system of SG-P in three steps: copper
uptake by a copper solution, phosphate—copper desorption in acid media, and phosphate reloading
process using phosphoric acid.

3. Results and Discussion
3.1. Textural Properties of SG and SG-P Adsorbents

The synthesis conditions produced changes in the textural properties of SG-P1-SG-
P6, as summarized in Table S1. For the formulations prepared at a TEOS:TEPO molar ratio
of 1:1, increasing the pre-gel hydrolysis and condensation time from 2 to 24 h slightly
decreased the BET surface area from 498.15 to 488.56 m? g-!, while the pore volume in-
creased from 0.1785 to 0.6204 cm? g7, and the mean pore diameter increased from 42.40 to
47.80 A. For the TEOS:TEPO ratio of 2:1, increasing the reaction time from 2 to 72 h de-
creased the BET surface area from 586.68 to 515.12 m? g~ and the pore volume from 0.4726
to 0.1474 cm? g1, whereas the mean pore diameter increased from 31.26 to 36.58 A. For the
formulations prepared at a TEOS:TEPO ratio of 1:2, increasing the reaction time from 2 to
72 h decreased the BET surface area from 522.61 to 382.17 m? g7, slightly increased the
pore volume from 0.3656 to 0.3856 cm? g, and increased the mean pore diameter from
39.22 to 44.29 A. These results indicate that longer pre-gel reaction times generally de-
creased the BET surface area and increased the mean pore diameter, whereas the pore
volume did not follow a consistent trend. However, because the TEA content and other
synthesis variables were not maintained constant in all formulation pairs, the observed
changes cannot be attributed exclusively to either the TEOS:TEPO molar ratio or the reac-
tion time. In addition, total phosphorus loading was not quantitatively determined for all
six formulations; therefore, a direct quantitative relationship between the synthesis con-
ditions and phosphate loading cannot be established from the present dataset. SG-P5,
hereafter referred to as SG-P, was selected for subsequent characterization and equilib-
rium experiments because it exhibited a suitable combination of mesoporosity and Cu(II)
uptake. In the kinetic, SG-P5 showed the highest experimental uptake among the phos-
phate-containing formulations evaluated. Figure 3a shows the nitrogen adsorption—de-
sorption isotherms of the functionalized material SG-P and silica gel (SG) (used as a con-
trol sample). Both materials exhibit type IVa isotherms with H3-type hysteresis loops,
characteristic of mesoporous solids according to the IUPAC classification [24]. This be-
havior indicates the presence of slit-shaped pores where capillary condensation occurs.
Compared with SG, the SG-P material shows a significantly lower nitrogen uptake,
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reflecting a decrease in surface area and pore volume upon functionalization with phos-
phate groups. This reduction is attributed to the partial occupation of mesopores by phos-
phate moieties introduced during the sol-gel synthesis, which decreases the accessibility
of the porous network. Figure 3b displays the pore size distribution curves. Both materials
exhibit mesopores in the range of 20-40 A. SG-P and SG show a main peak centered at ~32
A, confirming a mesoporous framework with similar pore size distribution. However, the
intensity of the peak for SG is higher, indicating a greater pore volume contribution from
this size range. In contrast, SG-P shows a lower peak intensity, consistent with partial pore
blocking or reduced accessibility after the introduction of phosphate moieties. The corre-
sponding textural parameters obtained from BET analysis are summarized in Table 2. SG
exhibits a specific surface area of 849.5 m?/g and a pore volume of 0.456 cm? g-'. After
functionalization, SG-P presents a reduced surface area of 522.6 m?/g and a pore volume
of 0.366 cm? g1, while the mean pore diameter increases slightly from 36.2 to 39.2 A. These
results confirm that the introduction of phosphate moieties decreases the available surface
area but modifies the pore structure toward slightly larger mesopores. Such structural
modifications are relevant for adsorption applications since they indicate that the phos-
phate groups, although partially reducing surface accessibility, remain available within
the porous framework to interact with Cu(ll) ions in aqueous solution. This structural
evidence supports the rationale for testing SG-P as a functionalized adsorbent in compar-
ison with pristine silica.

400 4
3.5+

——SG-P

350 4 SG

3.04

300 4 2.5+ —SG-P

250 4 20 —SG

200 - 1.54

1.0 4

05 (b)

0.0 4— T T J
00 01 02 03 04 05 06 07 08 09 10 30 40 50 60

Relative Pressure (P/Po) Pore Width (A)

150 4

100 1 (a)

Quantity Adsorbed (cm?g STP)

dV/dlog(w) Pore Volume (cm®/g)

Figure 3. (a) Nitrogen adsorption—desorption isotherms of SG and SG-P, and (b) pore size distribu-
tion of SG and SG-P. The changes related to the decrease in isotherm profiles and pore size distri-
bution of SG versus SG-P are attributed to the presence of phosphate groups in the silica gel matrix.

Table 2. Textural parameters related to specific surface area, pore volume mean, and pore size dis-
tribution of SG and SG-P adsorbents. The decrease in these values in the SG-P sample compared to

SG is associated with the presence of phosphate on the surface and in the cavities.

Sample  BET Surface (Aream?g') Mean Pore Volume (cm3 g) Pore Size (A)
SG 849.50 0.456 36.2
SG-P 522.61 0.366 39.2

3.2. Potentiometric Titrations

With the aim of comparing the changes on the silica surface in the phosphate func-
tional group and during the Cu(lIl) ions adsorption process identified by the potentiom-
etric titrations, a control sample was synthesized by the sol-gel method and called SG.
The crude data generated by the potentiometric titrations are shown in Figure 4, and the
corresponding parameters can be found in Table 3. In Figure 4a, the data are plotted as
proton binding isotherms (Q vs pH) for the two samples SG and SG-P. Positive values for

https://doi.org/10.3390/polym18141759
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Q (pH) indicate proton uptake and negative values show proton release (i.e., the more
negative the more acidic). The two samples have Brsnsted acidic characters. However,
based on the magnitude of the Q values, it is seen that the SG sample presents an increased
acidity compared to the SG-P sample. This is due to the presence of more OH groups on
the surface of SG-P, according to the reaction: —S — OH + OH & —S0~ + H,0. In the
case of SG, the high degree of acidity is due to the more abundant charged groups, as
indicated by the reaction: SiOHS < SiOH + H™. Thus, the overall reaction occurring dur-
ing the titration course is given by: SOH; < SOH < SO~, where S denotes a site on the
surface of the adsorbent. Figure 4b shows a region below pH 7 where two small peaks are
present, at pKa values 5.09 and 6.56. The value at pK 5.09 (0.09 OH nm~?) corresponds to
the out-of-plane geminal silanols, and this value is associated with the H-bond strengths
that the silanols form with the foremost adsorbed water layer, i.e., it corresponds to the
case of strong H-bonds (out-of-plane) [25]. The value at pKa 6.56 (0.23 OH nm2) corre-
sponds to the presence of isolated silanols on the surface of SG [26]. The different types of
silanol groups are shown in Figure 5a. Above pH 7, where proton release starts taking
place, the f (pK) spectrum shows ionization of geminal concave silanols at pKa 8.23 (0.49
OH nm™) [25] followed by strong proton release caused by the separation of siloxane
groups at pKa 9.67 (1.53 OH nm) [27], after which dissociation of silanol groups occurs
and dissolution of silica takes place at pKa 10.84. This process is illustrated in Figure 5b.
Our values agree with reports from the literature [27]. The density of total active silanols
is 2.34 OH nm2. This result agrees with reports from the literature where a range of 0.5-8
group nm2 has been established in the case of amorphous silica and depends on the syn-
thesis and pretreatment procedures [28-30].

Table 3. Titration parameter results of the SG and SG-P samples. The pka data, Brensted acid ligand
density, and its assignment for pristine (5G) and functionalized (SG-P) samples are shown.

Peak No 5G Reference
) pka Pk.Area  Brensted Acid Ligand Density, OH/nm? Assignment
1 509 012 0.09 Geminal silanols out-of- [25]
plane
2 6.56 0.33 0.23 SiOH = H* + SiO- [26]
Geminal
3 8.23 0.69 0.49 concave OH [25]
4 9.67 216 153 Isolated silanols [27]
pK
5 10.84 578 e Silica dissolution [27]
Total OH sites: 2.34
SG-P
Isolated OH of .
1 7.1+0.28 0.11 P-OH This work
2 108+002 49 Silica dissolution ~ _omtescu et

al. 1995 [27]

When the SG sample was functionalized with phosphate moieties (SG-P), surface
chemistry was significantly changed. The presence of isolated hydroxyl groups bound to
phosphorus (P-OH) [31] is demonstrated by the value of pKa 7.1 + 0.28 (0.11 OH nm™)
(Figure 4c inset and Table 3). Hydrolysis of the triethyl phosphate moieties has been re-
ported in the literature [16]. The absence of peaks at pH below 7 is notable in the SG-P
sample, indicating that hydrolysis and condensation reactions were carried out almost to
completion during the synthesis.
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Figure 4. Titration results of two solid adsorbents. (a) Proton binding isotherms of SG-P and SG
samples. Solid lines indicate the fit of the experimental points to the integral adsorption equation

used in the SAIEUS software; (b) pK distribution for pristine silica sample SG; (c) pK distribution
for SG-P adsorbent.
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Figure 5. (a) Typical scenarios for silanol groups on the surface of amorphous silica (isolates, center,

geminal, and vicinal species), and (b) reactions occurring on the silica/solution as pH changes.

3.3. FTIR Analysis of SG and SG-P Before and After Cu(Il) Uptake

The FTIR spectra of SG (black), SG-P (red), and SG-P-Cu (blue) samples are shown in
Figure 6. The SG spectrum exhibits a single broad signal at 3300 cm™ due to O-H stretching
vibrations of silanol groups, which is corroborated by the small signal near 966 cm™! of
OH bending vibration mode. The signal at 1060 cm™ with the highest intensity corre-
sponds to the Si-O-5i and Si-OH stretching vibrations of the silica gel matrix. In the case
of the SG-P spectrum, these signals described for the SG sample are also present. How-
ever, the presence of P-O and P=O vibrations from the hydrolysis of the triethyl phosphate
(TEPO) molecules arose in the SG-P spectrum by means of the increased signal at approx-
imately 967 cm™! (defined already as OH bending vibrations), indicating extra contribu-
tions due to possible signals overlapping (inset region 1040-900 cm™). In addition, the ab-
sence of frequency shifting of the main Si—-O-Si signal (1060 cm™) could be associated with
the lack of Si-O-P covalent bonds. On the other hand, this signal behavior could support
the idea of phosphate confinement in silica gel cavities stabilized by ionic or hydrogen
bonds that agree with previous reports on similar silica—phosphate materials [32,33].
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Figure 6. FTIR spectra of SG, SG-P, and SG-P-Cu (inset: band splitting into the 1040-900 cm™ region
due to Cu(II)-phosphate interaction and the 1700-1600 cm™ associated with adsorbed water).

Furthermore, after Cu(Il) exposure, the spectrum of SG-P-Cu shows a perceptible
change in the P-O signal. This band at 967 cm™ becomes broader and splits into two, with
a new signal emerging near 949 cm™'. The frequency of this new signal is consistent with
previous observations of Cu-O-P interactions in phosphate-silicate materials, where new
components appear around 944 cm™! upon metal incorporation [34]. Therefore, the ob-
served band splitting and intensity increase are attributed to the coordination of Cu(Il)
ions with oxygen atoms from the phosphate groups, forming the P-O--Cu interactions.
Similar behavior has been associated with phosphate vibrations overlapping the Si-O-Si
stretching region, commonly observed in the 1000-1200 cm™ range for hybrid silicate ma-
terials [32]. In addition, all FTIR spectra of the samples depicted the classical adsorbed
water signal around 1640 cm™ but with different signal intensities (inset region between
1700 and 1600 cm™). Here, the sample of SG-P in comparison with the original SG or the
SG-P-Cu showed the least intense signal (also corroborated by the decrease in OH broad
signal around 3300 cm™) that could be interpreted as the phosphate moieties replacing the
water molecule sites on the silica gel surface. This observation supports the stabilization
of phosphate through hydrogen bonding with silanol groups on the material surface and
the P-Cu desorption mechanism as proposed in the scenarios (I to III) of Figure 7.
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Figure 7. Possible scenarios of water molecules replacement from the SG surface (I) by phosphate
moieties stabilization (SG-P) (II) and water re-adsorption after the copper uptake by phosphates
(SG-P-Cu) (III). This mechanism demonstrates the non-covalent association of phosphate groups to

the silica gel matrix before and after the copper adsorption.

3.4. Si and 3'P NMR Analyses

Figure 8a shows the #Si{'H} CPMAS NMR spectrum of SG-P-Cu. The dominant sig-
nal at -101 ppm and two minor signals at 92 ppm and -111 ppm are assigned to Q3 Q?,
and Q* species of the polymeric silica matrix, respectively. The high intensity of the (3
signal reflects the high concentration of silanol groups on the surface of the silica gel cav-
ities bearing the phosphate-Cu complexes, as proposed in Figure 7. In contrast, the ab-
sence of any signals in the -50 to =70 ppm region indicates that the sample does not con-
tain functional groups covalently attached to the silica surface [15].

8i{'"H} CPMAS NMR
SG-P-Cu

-20 —40 -60 -80 -100  -120 -140 ppm

'p{'"H} CPMAS NMR
SG-P-Cu
It NS ISP NI IAANN g NPT N SN S NN i S AAPS N N NP

3p{'"H} MAS NMR
SG-P-Cu

3'P{'H} static NMR
SG-P-Cu

80 60 40 20 0 —20 —40 -60 ppm

Figure 8. Solid-state NMR spectra of SG-P-Cu: (a) #Si{'H} CPMAS with an intense signal of Q3 spe-
cies (corresponding to isolate and vicinal species in Figure 5a, (b) 3'P{'"H} CPMAS depicts a single
phosphorus signal at =1 ppm related to phosphate chemical shift, (c) ¥P{'H} MAS with same signal
at —1 but with higher intensity due to the rotational diffusion, and (d) 3'P{'H} static shows a slight
signal broadening, demonstrating the small chemical anisotropy that is also related to rotational
diffusion and confirms the [PO4]* species.
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Figure 8b,c show the 3'P{'H} CPMAS and 3'P{'H} MAS NMR spectra of SG-P-Cu. Both
spectra exhibit a signal at —-1.0 ppm. However, the intensity of this signal in the 3'P{'H}
MAS NMR spectrum is much higher than in the CP spectrum, indicating that the rota-
tional diffusion of the corresponding phosphorus species occurs on the millisecond time-
scale. The signal becomes only slightly broader in the static ¥P{"H} NMR spectrum, Figure
8d. Therefore, the chemical shift anisotropy is either small or effectively reduced by rota-
tional diffusion. Both the chemical shift value and the observed rotational diffusion sup-
port the assignment of this signal to [PO4]s— species. In addition, copper adsorption does
not significantly alter the »Si or 3P NMR spectra of the silica matrix. The absence of
changes in the »Si spectrum is expected, since copper does not chemically react with the
silicate framework. For 3'P, any changes are likely averaged out by rapid exchange, on the
NMR timescale, between different non-covalently bound copper—phosphorus complexes.

3.5. Copper Adsorption—Desorption Performance of SG-P Material (A Preliminary Approach)

SEM-EDX was applied to monitor the presence and the amount of phosphorus and
copper in the material as well as their changes during the Cu(Il) uptake, desorption, and
ligand-reloading cycles. Figure 9 summarizes the molar amounts of phosphorus and cop-
per determined on the surface of the SG-P and SG-P-Cu samples, before and after each
adsorption step, for three consecutive cycles. The values in the bar chart were obtained by
converting the SEM-EDX weight percentages (Table S2) into moles of element per sample,
allowing a direct comparison of the relative abundance of P and Cu(Il) associated with
the adsorbent at each stage. In the first cycle, the freshly synthesized SG-P material con-
tains exclusively phosphorus (0.8 wt%, 0.026 mol). This result confirms the incorporation
of phosphate groups into the silica matrix and the absence of residual metal in the mate-
rial. After contact with the Cu(II) solution, the SG-P-Cu sample shows a detectable amount
of copper at 0.20 wt% (0.003 mol) and a slight decrease in the phosphorus content (0.7
wt%, 0.023 mol). These changes indicate that not all phosphate groups participate in the
coordination of Cu(Il) ions, and an excess of phosphates remains free. This P/Cu molar
ratio of 8:1, in the first adsorption step, can be regulated by the availability and accessibil-
ity of the phosphate groups. Afterward, in the desorption process, the washing with acid
removes the P-Cu complex from the surface, as shown by SEM-EDX data of the desorbed
material, where phosphorus and copper are no longer detected. These results, provided
in Table S2 of the Supporting Information (SG, P-Cu desorbed), confirm that the SG-P
bond is non-covalent as was already observed by FTIR and 3'P-NMR analyses. Now, to
restore the adsorption capacity, the silica matrix was reloaded with a more affordable
source of phosphate groups, such as HsPOs, before the second Cu(Il) uptake. After this
reloading step (cycle 2), the SG-P sample confirms the presence of phosphorus (0.53 wt%,
0.017 mol), and the sample after copper adsorption (SG-P-Cu) shows a Cu amount of 0.51
wt% corresponding to 0.008 mol, this value represents a P/Cu molar ratio close to 2:1. This
behavior differs from the first cycle and suggests that, after phosphorus reloading step,
the phosphate groups are better organized in cavities of the silica matrix where copper
ions are more accessible for metal coordination, improving the performance of the ligand
in the regenerated material. In the third cycle, the scenario changes markedly. A second
reloading with HsPOs produces a strong increase in the phosphorus content of SG-P (1.43
wt%, 0.046 mol) compared with cycles 1 and 2. However, the amount of copper adsorbed
in the SG-P-Cu sample (0.53 wt%, 0.008 mol) remains similar to that observed in the pre-
vious adsorption process (Cycle 2). The lack of proportionality between the increase in P
and the Cu(Il) uptake indicates that a significant fraction of the phosphate detected by
SEM-EDX is not fully available for coordination. A reasonable explanation is that the re-
peated treatment with acid in the desorption step and even the phosphoric acid in the
recharging process promotes some hydrolysis erosion that restructures the surface of the
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silica matrix. This generates increased surface area and additional phosphate-rich regions
partially blocked or sterically hindered for copper accessibility. This interpretation was
corroborated by nitrogen adsorption—desorption measurements (BET data) of silica gel
treated with phosphoric acid (Figures S1 and 52, Table S3).

On the other hand, these new functionalized regions contribute to the overall phos-
phorus amount but do not provide an equivalent number of accessible binding sites for
Cu(Il). In summary, the SEM-EDX results demonstrate the rechargeable functional poten-
tial of the SG-P hybrid adsorbent and the clear preference of phosphate groups by Cu(II)
ions, as well as the total removal of the P-Cu complex during the desorption stage. In
addition, molded cavities in the polymer can be repurposed using a cheaper phosphorus
source, such as HsPOs, restoring the copper adsorption capacity.

Furthermore, although the functional phosphate is not covalently grafted to the silica
gel matrix, the hydrogen bond interactions between the silanol on the surface of the pol-
ymer material and the phosphorus ligands appear to be stable enough for the adsorption
process, as was also observed by a potentiometric titration experiment.

0.05

0.04 -

0.03

0.02 -

Amount of element (mol)

0.01

SG-P | SG-P-Cu

Cycle 1 Cycle 2 Cycle 3

Figure 9. Molar amount of phosphorus and copper determined by SEM-EDX for SG-P and SG-P-
Cu samples in three consecutive Cu(Il) adsorption cycles. Each cycle is divided by the initial amount
of phosphorus adsorbed by the molded silica gel polymer and the amount of phosphorus and cop-
per after Cu(II) adsorption.

As a first approximation, through this SEM-EDX data, the reuse of the silica polymer
center in the rechargeable system and its performance after three cycles is clearly demon-
strated. This data provided a preliminary approximation for projecting profitability and
potential long-term performance. However, it is important to highlight that the main ob-
jective of this work was to demonstrate a new perspective in the design of functional ma-
terials on the recyclability of the functional system in molded polymer cavities. In addi-
tion, through cost-effective active functional sources such as phosphoric acid.

On the other hand, this molecular view of adsorption is hardly described in most of
the published literature on new materials developed for the removal of heavy metals from
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aqueous media. Conversely, a complete study of the adsorption efficiency performance of
this polymeric material using kinetic and equilibrium models, as well as more compre-
hensive testing of its reusability, is beyond the scope of the present work. However, all of
them are planned as the next logical step in this research.

3.6. Comparison with Recent Functionalized Silica and lon-Imprinted Adsorbents

Table 4 compares the present material with recently reported silica-based, phospho-
rus-containing, and ion-imprinted adsorbents. However, adsorption capacities cannot be
compared directly because the studies used different target ions and experimental condi-
tions. The SG-P material showed a lower Cu?  uptake than some covalently functionalized
or ion-imprinted adsorbents [33-38]. However, its main advantage is not a high adsorp-
tion capacity, but its rechargeable phosphate system. The silica matrix acts as a stable po-
rous support, while the phosphate groups act as replaceable ligands. During acid treat-
ment, the Cu*~phosphate species are removed. The phosphate-containing functional sites
are then restored by treatment with HsPOs. This process differs from conventional regen-
eration methods, in which the functional ligand remains permanently attached to the ad-
sorbent and only the captured metal ion is removed. Recent phosphate and phosphonate-
functionalized silica materials have shown high affinity, selectivity, or magnetic recovery
[33-38]. In contrast, the present study focuses on replacing the phosphate ligands that
functionalize the printed cavities, while preserving the same porous silica scaffold for
phosphate recognition.

Table 4. Comparison of the present phosphate-rechargeable silica with representative recent silica-

based, phosphorus-containing, and ion-imprinted adsorbents.

Material (Ref.)

Functionalization/Syn- Ion and Adsorption Per-

Regeneration/Reuse Highlight

formance

thesis Strategy

SG-P (this work)

One-pot TEOS/TEPO
sol-gel synthesis; non-
covalently retained

Cu(II): gmax, exp =2.09
mg g, Toth gmax =2.06

Three adsorption-de-

sorption-reloading
cycles; 0.02 mol L

Replaceable ligand
fraction within a reus-
able silica scaffold.

phosphate; separate £0.05 mg g™ HClI followed by 0.01 The first experimental
HsPOs reloading mol L1 HsPO4 approach reported
High Cu(Il) capacity

Post-synthesis grafting

Five cycles; uptake

SiN-imd-py of a Schiff-base ligand Cu(Il): Langmuir qmax = decreased from 97.17 and selectivity with a
[35] . 103.52 mg g permanently grafted
onto mesoporous silica to 88.43 mg g! .
ligand
Layer-by-layer grafting Adsorption cycling Phosphate-containing
Si0x-Ti-P-Zr of zirconium-titanium Ni(Il): Langmuir qmax = not reported; <0.4%  silica with strong
[36] phosphate onto SBA-15- 50.1 mg g Ni release after 14 d in binding and acid sta-
type silica 0.1 mol L' HCI bility
Mesoporous silica pre Low-cost phosphorus
p . . P U(VI): reported ) source and high re-
SMS-Ph pared using sodium Regeneration not 2
o ge =820.7 mg g! near ported selectivity;
[37] metasilicate and phos- reported . ..
- pHS8 comparison limited by
phoric acid .
U(VI) speciation
Multiple cycles; 70- Magnetic separation
MMS-PP Post-grafted p hospho-_ La(III)/REEs: 13.5mg g'  95% REE recovery and operation in com-
nate groups on magnetic _ o . .
[38] o La in 50 mmol L citrate from real waste ex-  plex citrate-assisted
mesoporous silica
tracts extracts

Pore-expanded phos-
phate silica
[39]

One-pot synthesis using U(VI): Langmuir qmax =

HDEHP as a co-

136 mg g' at pH 4

Reusable material;
particles recoverable

Large recoverable mi-
crospheres with phos-
phate functionality
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template, followed by by low-g centrifuga-
pore expansion tion or sedimentation

IIP-Cu
[40]

Cu(Il)-templated ion-im-
printed polymer fol-
lowed by template re-

High desorption effi- Ion-imprinted recog-

ciency; 90.6% Cu(ll) nition sites and vali-

removal from real ~ dation with compet-
brine ing ions

Cu(Il): Langmuir gmax =
159 mg g1; 98.7% re-

moval at optimum pH
moval P P

Note: Adsorption capacities are not directly comparable because target ions, solution pH, initial
concentration, adsorbent dosage, temperature, ionic composition, and equilibrium criteria differ.
Reported capacities at conditions where metal hydrolysis or precipitation may occur should be in-

terpreted cautiously.

Although the SG-P material does not compete in metal adsorption capacity with clas-
sical hybrid materials with covalently bonded ligands, this work represents the first step
towards the development of new rechargeable materials that can be improved after fur-
ther research. Moreover, phosphate-functionalized silica (P-SG) is presented as a cost-ef-
fective, recyclable adsorbent thanks to its ability to regenerate phosphate-formed cavities
using conventional phosphoric acid, without losing its copper adsorption capacity. Fi-
nally, this finding opens up the possibility of a new and affordable option for treating
water streams contaminated with heavy metal cations such as copper.

4. Conclusions

A hybrid adsorbent of silica gel polymer and phosphate functional groups (SG-P)
was successfully synthesized by one-pot sol-gel reaction. Molecular imprinting with tri-
ethyl phosphate (TEPO) was used to create functional phosphorus cavities in the silica
matrix. Reduction in the textural properties of specific area and pore volume in the SG-P
in comparison with unfunctionalized SG was attributed to the presence of phosphate
functional groups in the adsorbent. FTIR and #Si and 3P NMR spectroscopy were per-
formed to inspect the chemical and structural composition of the material. The 2Si NMR
analysis of SG-P-Cu indicates that the phosphate ligands are stabilized within the cavities
through interactions with surface silanol groups. This is supported by 3P NMR analysis
and corroborated by potentiometric titration experiments. Furthermore, changes in the
signal intensity in the FTIR spectra due to water adsorbed onto the material surface before
and after the Cu(Il) uptake also indicate the phosphate stabilization and the dynamics of
the P-Cu complex release from the silica gel surface and its elimination in the desorption
step. Copper adsorption experiments by the SG-P materials showed removal performance
by phosphate-metal complexation. The Téth isotherm model provided the best overall fit,
suggesting adsorption on a heterogeneous surface, which is consistent with the structural
heterogeneity. The recyclable ligand system of the adsorption—desorption and phosphate
regeneration maintains a similar uptake capacity after the third cycle. To our knowledge,
this investigation proposes the first approach to a recyclable polymeric adsorbent by de-
signing functionalized silica cavities using molecular imprinting with active non-covalent
functional ligands. Furthermore, these cavities have the advantage of being able to be re-
plenished with an affordable phosphate source without losing their metal absorption ca-

pacity.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym18141759/s1, Figure S1: Nitrogen adsorption-desorp-
tion isotherms of SG and SG treated with HsPOs; Figure S2: Pore size distribution of: SG and SG
treated with HsPOs; Figure S3: Experimental adsorption kinetics of Cu(Il) on phosphate-functional-
ized silica materials synthesized with different TEOS:TEPO molar ratios and nonlinear fitting to
different kinetic models: (a) pseudo-first-order (PFO), (b) pseudo-second-order (PSO), (c)
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intraparticle diffusion (Weber-Morris), and (d) Avrami; Figure S4: Experimental Cu(II) adsorption
isotherm for the selected phosphate-functionalized silica together with nonlinear fitting using dif-
ferent adsorption isotherm models: (a) Langmuir, (b) Freundlich, (c) Téth, (d) Sips (Langmuir—
Freundlich), (e) Temkin, and (f) S-shape model; Table S1: Textural surface parameters of SG-P ad-
sorbents; Table S2: Quantitative analysis of the elemental composition by weight of SG-P and SG-P-
Cu, collected from different areas by SEM-EDX method; Table S3: Textural surface parameters of
SG and SG treated with HsPOs; Table S4: Kinetic parameters obtained by nonlinear regression using
the Levenberg—Marquardt algorithm implemented in OriginPro 2021; Table S5: Isotherm parame-
ters obtained by nonlinear regression using the Levenberg—Marquardt algorithm implemented in
OriginPro 2021.
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