2 M processes

Article

Highly Adsorptive Organic Xerogels for Efficient Removal of
Metformin from Aqueous Solutions: Experimental and
Theoretical Approach

S. A. Aguilar-Maruri *©, D. Perera-Triana
C.F. A. Gémez-Duran ! and Raiil Ocampo-Pérez

check for
updates

Citation: Aguilar-Maruri, S.A.;
Perera-Triana, D.; Florez, E.;
Forgionny, A.; Palestino, G.;
Goémez-Duran, C.EA.; Ocampo-Pérez,
R. Highly Adsorptive Organic
Xerogels for Efficient Removal of
Metformin from Aqueous Solutions:
Experimental and Theoretical
Approach. Processes 2024, 12, 1431.
https://doi.org/10.3390/pr12071431

Academic Editors: Jan Derco, Andreja

Zgajnar Gotvajn and Angelika Kassai

Received: 5 June 2024
Revised: 29 June 2024
Accepted: 4 July 2024

Published: 9 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

10, Elizabeth Flérez 2, Angélica Forgionny 2(*, Gabriela Palestino 17,

1

Centro de Investigacion y Estudios de Posgrado, Facultad de Ciencias Quimicas, Universidad Auténoma de
San Luis Potosi, San Luis Potosi 78260, Mexico; a324928@alumnos.uaslp.mx (D.P--T.);
palestinogabriela@uaslp.mx (G.P.); azael.gomez@uaslp.mx (C.F.A.G.-D.); raul.ocampo@uaslp.mx (R.O.-P.)
Grupo de Investigacion de Materiales con Impacto (MAT&MPAC), Facultad de Ciencias Bésicas, Universidad
de Medellin, Medellin 050026, Colombia; mforgionny@udemedellin.edu.co (A.F.)

*  Correspondence: a348454@alumnos.uaslp.mx

Abstract: Metformin, widely prescribed to treat type 2 diabetes for its effectiveness and low cost, has
raised concerns about its presence in aqueous effluents and its potential environmental and public
health impacts. To address this issue, xerogels were synthesized from resorcinol and formaldehyde,
with molar ratios ranging from 0.05 to 0.40. These xerogels were thoroughly characterized using
FT-IR, SEM, TGA, and TEM analyses. Batch adsorption experiments were performed with standard
metformin solutions at concentrations of 50 and 500 mg/L, varying pH, and temperature to determine
the adsorption isotherms of the synthesized xerogels. The adsorption data revealed a maximum
adsorption capacity of 325 mg/g at pH 11 and 25 °C. Quantum chemical calculations revealed
that electrostatic interactions govern metformin adsorption onto xerogels. The xerogels” adsorption
capacity was evaluated in competitive systems with CaCl,, NaCl, MgCl,, and synthetic urines.
Reuse cycles demonstrated that xerogels could be reused for up to three cycles without any loss in
adsorptive efficiency. The adsorption mechanisms of metformin in the adsorption process highlight
the strong electrostatic interactions and hydrogen bonds between the adsorbate and the adsorbent
material. Xerogels synthesized show promise as efficient adsorbents to remove metformin from
aqueous solutions, helping to mitigate its environmental impact.

Keywords: metformin; xerogels; adsorption

1. Introduction

The regulation of discharge concentrations of emerging contaminants in water efflu-
ents is currently a global concern. Even at concentrations as low as ppb (ug/L) to ppm
(mg/L), these pollutants can degrade environment quality and have a direct impact on hu-
man health, leading to deficiencies in ensuring the availability of safe drinking water [1,2].
Furthermore, emerging contaminants like pharmaceuticals, personal care products, pes-
ticides, herbicides, dyes, and industrial chemicals such as hydrocarbons are increasingly
being recognized as significant contributors to water pollution [3].

For these reasons, emerging pollutants have received significant attention in recent
years due to their anthropogenic origins and the absence of well-established regula-
tions governing their disposal [1,4]. It is estimated that globally, there are approximately
350,000 synthetic compounds for which the disposal and control processes remain uncer-
tain [3]. Among these emerging pollutants, pharmaceutical compounds pose a particularly
challenging removal process from water due to their complex nature. These compounds
exhibit high solubility in water because of their polar properties, and their ionization de-
gree varies depending on pH levels. In addition, pharmaceutical compounds have a slow
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biological and chemical degradation rate, leading to bioaccumulation and the persistence
of recalcitrant systems [1-3].

Metformin, the world’s second most widely prescribed drug, is a polar compound
with ionizable groups, high solubility, and stability in water [5,6]. It serves as an oral
antihyperglycemic medication, particularly effective in managing diabetes mellitus in
patients who do not require insulin, as it increases the biological effectiveness of available
exogenous/endogenic insulin [6-9]. In recent years, metformin has found applications
beyond its primary use, including weight loss, antiketogenic activity, and even treatment
for patients with COVID-19 [6]. However, there is a concerning issue associated with
this drug, which is its potential to induce cancer in prolonged periods of exposure and
reduce or damage fertility in both humans and animals [6,9]. In Mexico, concentrations of
0.0103-107 pg/L and 1.29-1.33 ug/L were found in groundwater and hospital wastewater,
respectively [6]. In particular, the cationic form of metformin interacts with cell receptors
in the liver and peripheral tissues. This interaction produces hypoglycemia by reducing
hepatic glucose production and enhancing insulin sensitivity.

The adsorption process is a conventional remediation methodology for emerging
contaminant removal from aqueous sources [10]. Several studies have explored various
adsorbent materials for removing metformin from aqueous solutions. These materials
include hydrocarbons [11], graphene oxides [8]), modified polymeric nanocomposite hy-
drogels [12], molecularly imprinted polymers [13], and activated carbons [14,15]. However,
the adsorption capacities of these current adsorbents are relatively low, ranging from
45 mg/g to 123 mg/g, necessitating either large fixed-bed columns or frequent replacement
of exhausted adsorbents. Therefore, it is critical to develop adsorbent materials with higher
adsorption capacities.

Xerogels are polymeric matrices with well-defined morphologies [16]. They have
many hydroxyl groups on their surface, promoting hydrogen bond formation. Hence, the
adsorption mechanism of metformin onto xerogels could occur via hydrogen bonding,
where atoms’ electronegativity differences facilitate the formation of partial charges on
oxygen and hydrogen atoms in the hydroxyl group and the amino group, respectively.
These charge disparities enable the formation of hydrogen bonds, with the hydrogen in
the hydroxyl group acting as a bridge between the hydroxyl and amino groups, forming
weak bonds with the oxygen and nitrogen atoms. These hydrogen bonds are crucial in
stabilizing the adsorption process [17].

This work aims to efficiently remove metformin from aqueous solutions using xerogels
like adsorbent materials obtained by the resorcinol and formaldehyde (R-F) reaction, with
varying molar ratios. These xerogels have not been previously proposed as metformin
adsorbents, representing a novel approach to tackling the environmental issue posed by
the increasing presence of metformin in wastewater. Therefore, this study will conduct
a comprehensive investigation to optimize the adsorption process using xerogels. It will
explore metformin dosage, solution temperature, pH, and co-existing ions (salts) concentra-
tion. The research also includes an examination of the thermodynamics of the adsorption
process, the reuse cycles of the adsorbent material, the effectiveness of the desorption
process, and the performance of the xerogels in synthetic urine solutions.

2. Materials and Methods
2.1. Reactants

The synthesis precursors of the xerogels are resorcinol (Purity of 99 wt. %, CAS Num-
ber 108-46-3, provided by Productos Quimicos Monterrey), formaldehyde (37 wt. % in
methanol, CAS Number 50-00-0 provided by Fermont), and NaHCOs3 (Purity of 99.5 wt. %,
CAS Number 144-55-8 supplied by Karal). The metformin (1,1-Dimethylbiguanide hy-
drochloride) has a purity grade of 97 wt % (CAS Number 1115-70-4, provided by Sigma
Aldrich). The physicochemical properties of metformin are presented in Table 1, empha-
sizing the crucial role of its water solubility and pKa values in the adsorption process in
aqueous solutions. High solubility translates to extensive dispersion in water bodies, which
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directly affects the effectiveness of the adsorption process because its high solubility in
water will directly impact its affinity for the adsorbent surface. If the adsorbent surface
cannot establish strong interactions with metformin, the adsorption process may be ineffi-
cient, with equilibrium shifting towards solution phase rather than the adsorbent surface.
The pKa values play a crucial role in constructing speciation diagrams and predicting how
metformin will ionize in a solution as a function of pH. Understanding metformin’s ioniza-
tion is fundamental across biological, pharmacological, and chemical systems. Figure S1
(see Supplementary Materials) shows the metformin’s speciation curve: (a) at pH < 2.8,
metformin is predominantly found in its dicationic form; (b) at neutral pH (7.4), metformin
primarily adopts its cationic form; and (c) at alkaline pH > 12, metformin mainly exits in its
neutral form [1]. The analysis of the conformational characteristics of metformin focuses
on its three torsion angles of the main chain, observing that there are two isomers of the
monoprotonated form [2]. Although both forms are stabilized by a strong intramolecular
hydrogen bond between the imino groups (NH), they are separated by a considerable
energetic difference (incremental E = 1.03 kcal mol 1)

Table 1. Physicochemical properties of metformin [3,4].

Property Value
Name Metformin Hydrochloride (1,1-Dimethylbiguanide hydrochloride)
CAS number 1115-70-4

Molecular Formula

C4H;1N;5 - HCl

Structure

Molecular weight (g/mol) 165.62

Water solubility (mg/mL at 25 °C) 300

pKa (experimental) 2.8 and 11.5
Vapor pressure (kPa at 20 °C) <0.000001 kPa
Melting point (°C) 223-226
Boiling point (°C at 760 mmHg) 224.1
Molecular dimensions

x (A) 10.83

y (A) 4.25

z (A) 1.8

2.2. Xerogel Synthesis

In this work, five xerogel samples were synthesized using molar ratios R:F (Resorcinol—-
Formaldehyde) of 0.05, 0.15, 0.25, 0.30, and 0.40, keeping constant the F:C (Formaldehyde-
NaHCO3) and F:W (Formaldehyde-Water) molar ratios as 2.0 and 0.04, respectively. The
xerogels were obtained according to the sequence of the following steps (Figure 1): First,
the corresponding mass of water and NaHCOs is placed in a glass of precipitates at 300 rpm
for 10 min. Secondly, the resorcinol was added, and the stirring at 350 rpm continued for



Processes 2024, 12, 1431

4 of 25

5 min; the specified volume of formaldehyde was incorporated into the solution. Stirring
continued at 400 rpm for 45 min at room temperature. The resulting solution is transferred
to test tubes, which are hermetically sealed to prevent the evaporation of formaldehyde. The
red solutions are placed in a stove heated at 30 °C for 24 h. Subsequently, the temperature
is raised to 50 °C for 24 h with the tubes closed. Finally, the tubes are opened and subjected
to 80 °C for 120 h. The materials obtained are ground and sieved to obtain an average
particle size of 149 pm.

-
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Figure 1. Approach to experimental development for the generation of xerogels.

2.3. Characterization of Xerogels

Physicochemical characterization of the samples was performed using different analy-
sis techniques. The FT-IR spectrometer (Thermo Scientific, model Nicolet i510, WI, EE) was
used to identify functional groups in xerogels and synthesis reagents, equipped with an
attenuated total reflection (ATR) fixture with a diamond crystal. A frequency range of 450
to 4000 cm ! was used, with a resolution of 8 cm~!. The surface morphology of xerogels
and the mapping of surface elements was observed using SEM (scanning electron mi-
croscopy, Helios Nanolab 600), and coupling elemental mapping was performed with EDS
(energy-dispersive spectroscopy, Genesis EDS X-ray microanalysis system). The material’s
crystalline structure was analyzed employing an X-ray diffraction system (PANalytical,
X'Pert PRO powder diffraction, A = 1.54 A, Xe/methane gas proportional detector). The
thermal stability of the xerogels and the processes associated with their decomposition
were characterized using a TGA (Thermogravimetric Analyzer, model TA TGA 550) in an
Ar atmosphere with a heating rate of 10 °C/min between 29 and 900 °C.

The type and quantification of active sites were determined using the acid-base tech-
nique proposed by Boehm [5]. For this purpose, solutions of 0.01 N of NaOH (for total acid
sites), and 0.01 N of HCI (for total basic acid sites) were used.

The pH of the point of zero charge (pHpzc) was determined for the xerogels using the
acid-base titration procedure proposed by Kuzin and Loskutov [6]. Solutions of 0.1 N of
HCl and 0.1 N of NaOH were used, with dilution factors from 5 to 250. A volume of 25 mL
of the solutions was added to 0.05 g of xerogel, with constant stirring at 25 °C for seven
days, preserving a blank without xerogel. The pHyo versus pHipitia1 Was plotted, and
pHpzc was determined by the point of intersection between the potentiometric titration
curves of the solution in the presence and absence of the adsorbent, commonly called the
experimental target in adsorption studies.
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2.4. Determination of Metformin in Aqueous Solution

The spectrophotometer Shimadzu UV-1900-1 at A = 232 nm allowed the determination
of the concentration of metformin in the prepared aqueous solutions. For an adequate
analysis, a calibration curve of 1 to 10 mg/L was used where the absorbance behaves
linearly to satisfy the Lambert-Beer law.

2.5. Metformin Adsorption Equilibrium

The experimental data of the adsorption equilibrium were obtained by performing
experiments in batch mode. A 50 mL centrifuge tube was used as a batch reactor, where
40 mL of metformin solutions was contacted with 20 mg of adsorbent material at constant
pH and temperature. The initial concentration of the solutions was varied from 50 to
500 mg/L. The adsorption equilibrium was obtained at pH 3, 7, and 11. The desired pH
was obtained by mixing 0.1 N of NaOH or HCl solutions as required. Throughout the entire
time interval, the pH of the solutions was kept constant by adding drops of 0.01 N of NaOH
or HCL. Experiments at different temperatures were conducted, placing the batch reactors
in an incubator (15 °C) or thermal bath (25 and 45 °C). The experiments were allowed to
remain in contact for seven days to reach equilibrium. Subsequently, the adsorbent particles
were separated by decantation, and the remaining solution was analyzed to determine the
equilibrium concentration of metformin. Finally, from Equation (1), the adsorption capacity
was determined.

go = GG 0

myg

where g is the concentration of metformin adsorbed at equilibrium, mg/g; C; is the initial
concentration, mg/L; Ce is the metformin concentration at equilibrium, mg/L; m,; is
the mass of the adsorbent, g; and V is the volume of the solution, L. The effect of the
presence of salts on the adsorption equilibrium was evaluated by using 0.5, 0.1, and 0.05 M
solutions of CaCly, MgCly, and NaCl at pH 7 & 0.05. Finally, to evaluate the applicability
of the adsorbents in complex systems, the adsorption equilibrium was evaluated using
two synthetic urine solutions. The first one was prepared by adding Na* (5.40 g/L), K*
(0.20 g/L), Mg?* (0.65 g/L), Ca®* (0.50 g/L), CI~ (9.60 g/L), SO42~ (1.35 g/L) and urea
(17.0 g/L), whereas the second one had the same components but with creatine (2.0 g/L) as
an additional component [7].

The adsorption isotherms, having the values of ge (mg/g, concentration of metformin
adsorbed at equilibrium) and Ce (mg/L, metformin concentration at equilibrium), were
adjusted to the following mathematical models [8];

1
Freundlich ge = KpCfE o) )
. aC,
Prausnitz—Radke = — 3
. quLCG
L = — 4
angmuir 9e =17 K. C. 4)

where Kg is the equilibrium constant of the Freundlich isotherm, L/™ mg!=1/n g=1 n

is a constant related to the adsorption intensity; a is the constant of the isotherm of
Prausnitz-Radke, L/g, b is the constant of the isotherm of Prausnitz—Radke, LB/ gﬁ, Bis
the constant of the isotherm of Prausnitz—-Radke, and gy, is the maximum mass of adsorbed
solute on the adsorbent, mg/g, Ky, is the constant related to the adsorption equilibrium,
L/mg for Langmuir isotherm.

The parameters of these isotherms are evaluated by adjusting the isothermal models
with the experimental data using the Levenberg-Marquardt algorithm. The model that
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best fits the data is chosen considering the lowest percentage of absolute average deviation,
calculated using Equation (5):

1 N
% Dev = (NZ

i=1

Geexp — Gemodel

) 100% )

Geexp

2.6. DFT Calculations

Quantum Chemistry calculations were performed to simulate metformin interac-
tion with xerogel models. First-principles calculations were carried out using the density
functional theory framework (DFT). Calculations were conducted using the Gaussian09
software package [9] and the DFT-B3LYP method. The bases 6-311++g(d,p) were used for C,
H, O, and N. Geometry optimization calculations and vibrational frequency analysis were
performed in the gas phase and considering the solvent effect. This effect was modeled
using the integral equation formalism variant of the polarized continuum model (IEFPCM),
which contemplates long-range implicit hydration. A model structure was selected to
represent xerogels accurately based on experimental findings and the general structure
shown in Figure 1. The specific structure used in the DFT simulations is presented in the
Supplementary Materials (Figure S2). This model features 3 aromatic rings with high substi-
tution of ether and hydroxyl groups, reflecting the key structural characteristics of xerogels.
Moreover, two different xerogel models were simulated to account for pH-dependent be-
havior: neutral and negatively charged xerogel molecules (Xer and Xer™) considering one
or two negative charges.

The initial geometries for xerogel-metformin interactions were determined based on
the medium’s pH, the material’s point of zero charge (pHpzc), and metformin’s speciation
curve. Molecular simulations were conducted at three distinct pH levels: 2, 7, and 11, with
xerogel models tailored to each condition: at pH 2, a neutrally charged xerogel model (Xer),
at pH 7, both neutral (Xer) and negatively charged (Xer™) xerogel models, and at pH 11, a
negatively charged xerogel model (Xer™). Additionally, considering the three pH values
mentioned and the speciation curve of metformin related to its protonation—deprotonation
states (see Supplementary Materials Figure S1), four different forms of metformin were con-
sidered: neutral form (Met), monoprotonated forms (1IMet* and 2Met*), and biprotonated
form (Met?*). An initial survey of various adsorption modes was conducted to analyze
how neutral or negatively charged xerogel interacts with neutral, monoprotonated, and
biprotonated metformin molecules. This systematic study considered multiple potential
adsorption modes, and the optimization of adsorption energies was initially performed in
the gas phase. Subsequently, the most stable gas-phase geometries were considered as the
initial point for the optimization, considering the effect of the solvent (aqueous phase).

The adsorption energy (E,45) of metformin (MET) on the xerogel model was deter-
mined USing the formula Eads = EMET-surface — (EmeT + Esurface)r where EMET-surface repre-
sents the total energy of the complex MET and the xerogel, Eypr is the total energy of the
metformin, and Egy a0 is the total energy of the xerogel.

3. Results and Discussion
3.1. Xerogel Obtention Process

The polymerization mechanism of xerogels using NaHCOj3 as a catalyst to accelerate
the polymerization is shown in Figure S3 [4,10]. The reaction begins with the species R
(resorcinol anion), which exhibits greater reactivity than its neutral counterpart. Subsequent
stages involve addition reactions occurring at the 2, 4, and 6 positions of the aromatic ring
of resorcinol, resulting in 2,4-bis(hydroxymethyl)benzene-1,3-diol species. This is followed
by condensation, catalyzed by acid species, between hydroxymethylated species through
hydroxyl groups, with water produced as a by-product. The resulting polyaromatic struc-
tures are interconnected by -CHj- and -CH»-O-CH, bridges. Monomers of R-F continue to
condense, forming interwoven colloidal structures in coral-type systems.
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3.2. Physicochemical Characterization of Xerogels

The FT-IR spectra of the samples with R ratios of 0.05, 0.10, 0.25, 0.30, and 0.40 are
shown in Figure 2. All xerogel spectra present bands around 3410 cm !, indicating the pres-
ence of -OH groups that remain after the polymerization process. The band at 3172 cm ™!,
corresponding to the phenolic -OH groups, disappears as the polymerization progresses
and is related to the increase in the R:F ratio [11]. The bands observed between 3000 and
2775 cm~ ! indicate the presence of stretching of the C-H bonds in the resorcinol molecule.
Specifically, C-H stretches in aromatic compounds typically appear in this range [11]. The
decrease in its intensity indicates an advance in the degree of polymerization. The dis-
appearance of bands between 2643 and 2497 cm ™!, associated with resorcinol, suggests
that phenolic -OH groups are decreasing due to substitution reactions in additions, as
illustrated in Figure 2. Furthermore, bands in the 685 to 461 cm~! range disappear due to
the substitution of aromatic rings in resorcinol during these addition mechanisms, specifi-
cally denoting C-C backbone vibrations [11]. The appearance of new peaks between 2166
and 1704 cm~! and between 1294 and 1017 cm ! indicates the formation of ether groups
(-C-O-C-), resulting from the condensation of polymeric monomers during the reaction
(bond stretching between monomers) [12]. The bands in the 1135 to 950 cm ™! range repre-
sent C-H deformations of formaldehyde derived from its addition in the polymerization
process. The band at 1612 cm ™! corresponds to ring stretching vibrations (C=C), while
the bands between 1440 and 1374 cm ! are associated with C-H bending vibrations. [13].
The blue zone in the FT-IR of Figure 2 presents stretch bands around 3300-2500 cm™~1;
this is due to phenolic hydroxyl groups in resorcinol, residual unreacted hydroxyl groups
during polymerization, and water adsorbed in the xerogel [11]; in Figure 2 (yellow area)
are present in C=0 stretching bands around 1760-1730 cm~! [12].

Acidic and basic sites on an adsorbent material confer selectivity in the adsorption of
specific compounds. While acidic sites may preferentially adsorb basic molecules, basic
sites may be more likely to interact with acidic substances. Total acid sites and total basic
sites are found from the calculation of the titration stoichiometry obtained. These results
are shown in Figure S4; a concentration of total acid sites from 1.69 to 3.21 meq/g and
total basic sites from 2.04 to 2.79 meq/g were obtained. The xerogel surface is acidic for
R:F-0.05 because it presents 57% more acidic sites. For xerogel R:F-0.10, the surface presents
a surface balance of acidic and basic sites as a difference of sites of 6.8% is found. R:F-0.25,
R:F-0.30, and R:F-0.40 materials present surfaces with a greater proportion of basic sites, 62,
75, and 30%, respectively. The decrease in phenolic sites as the R-F ratio increases indicates
that the degree of polymerization is directly proportional as the R-F ratio increases. This is
because the phenolic groups of resorcinol are sites where the addition reactions described
in Figure 2 occur.

Analyzing the surface charge lets us estimate the zero charge point of a material. The
point of zero charge is a characteristic property of solid surfaces and represents the pH
at which the material’s surface has no net electric charge. For the xerogels analyzed, zero
charge points of 6.51, 6.85, 6.93, 7.57, and 9.02 were obtained for the molar ratios of R:F 0.05,
0.1, 0.25, 0.30, and 0.40, respectively. R:F-0.30 and R:F-0.40 have slightly basic and one
considerably basic loading points. This property is associated with the excess -OH ions
from the resorcinol reaction system. R:F-0.40 has an enriched system of hydroxyl groups
derived from adding formaldehyde to the polymeric structure, indicating a higher degree
of reaction. At a more basic pH, the adsorption process of metformin from the xerogels
will be more efficient because hydrogen bond interactions will be promoted between the
hydroxyl groups of the xerogels and the amino groups of metformin.

The X-ray diffraction (XRD) pattern of xerogels with R-F ratios ranging from 0.05
to 0.40, depicted in Figure S5, reveals a distinct halo within the 16 to 20° (20) range,
indicating their amorphous nature [14]. The particle size of sub-micrometer particles based
on diffraction patterns was calculated using the Scherrer equation (Equation (S1) in the
Supplementary Materials). The xerogels analyzed exhibited particle sizes ranging from
0.2523 nm to 0.2267 nm across the R:F ratio range. Notably, higher R:F ratios correlate
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with smaller particle sizes, suggesting that an elevated R:F ratio promotes the formation
of nucleation sites to a greater extent, thus facilitating a more uniform distribution of the
reaction system throughout the material. The analysis of interlaminar space in the xerogels
indicates no trend in the interlaminar space concerning the variation in R-F ratios (see the
Supplementary Materials).

5=
Q

-C-H aromatic

Transmittance (a.u.)

—— R:F-0.40 |
——R:F-0.25 d
R:F-0.05
|—— FORMALDEHYDE
—— RESORCINOL
! I ! I ! 1

! |
4000 3500 3000 2500 2000

T T T
1500 1000 500
Wavenumber (cm™)

Figure 2. Infrared spectra of xerogel synthesis precursors and xerogels R-F-0.05, R-F-0.25, and R-F-0.4
(0.05, 0.25, and 0.40 R:F molar ratios, respectively).

SEM analysis showed that the excess of monomers contributes to the formation of larger
particles because a greater number of monomers affects the reaction rate and kinetics of
the process, promoting the agglomeration and coalescence of the particles, resulting in less
homogeneous and larger particle distributions, as seen in Figure 3. Further, the observed
morphology is agglomerated in irregular shapes with smooth and striated faces. The presence
of striations in the agglomerates is attributed to the crushing process. Regular cutting striations
are observed for the three xerogels analyzed; this is commonly attributed to materials with
ordered and repetitive nucleation processes, so the polymerization system for the three
systems has the same nucleation system. Figure 3 shows that increasing the R-F ratio leads to
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larger particle sizes: 67.97 um for R:F-0.05, 80.94 um for R:F-0.25, and 95.52 pum for R:F-0.40.
An increased R-F ratio makes more monomers available for xerogel particle formation, leading
to a more extensive nucleation and growth during synthesis. Additionally, EDX (Figure 3)
analysis makes detecting the significant presence of C, O, and Na possible. Hence, considering
C and O, for R:F-0.05, weight proportions of 53.96% and 30.89% are obtained, respectively,
while for R:F-0.40, the proportions are 68.05% and 38.11%, the above is following the increase
in R-F ratios that contribute to the formation of more intermediates in the polymerization
process and allow the condensation of extensive polymeric systems, made up of C and O
because the precursors (R-F) are mostly made up of these elements. The EDX also shows the
presence of Na, attributed to the catalyst, having 9.09% by weight and 1.84 for R:F-0.05 and
R:F-0.40, respectively. The low quantity of Na in R:F-0.40 indicates that for the polymerization
process of the xerogels at higher R-F ratios, a greater contribution from the catalyst is needed
to begin the R and F addition process.

N Element Weight%  Atomic %
C K CK 61.52 69.31
oK 31.3 26.48
NaK 7.02 4.13
ALK 0.16 0.08
OK
Na K
L
ALK
C K Element Weight % Atomic %
CK 62.94 70.17
0K 32.44 27.15
NaK 4.47 26
ALK 0.15 0.08
OK
Na K
| L
J lAl K
|G K Element  Weight%  Atomic %
- CK 49.57 58.65
OK 37.65 33.45
OK NaK 12.78 7.9
Na K

Figure 3. SEM micrographs and EDS analysis for particle size analysis, result of the variation in the
molar ratio of R-F for the xerogels (a) R:F-0.05, (b) R:F-0.25, and (c) R:F-0.40, respectively.
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The TEM micrographs show the agglomeration of the R-F xerogel particles (see
Figure 4). The formation of nanometric aggregates is evident in all the samples exam-
ined. The size of the R:F-0.05 aggregates ranges from 6 to 202 nm, R:F-0.25 from 30.5 to
642 nm, and R:F-0.40 from 10 to 166 nm. The morphology of the aggregates for the R:F-0.05
and R:F-0.25 systems appears as grains around 100 nm (Figure 4a—e,g), but at sizes close
to 10 nm, they resemble crystals (Figure 4h). Additionally, the R:F-0.05 system exhibits
graphitized crystals (Figure 4b) that are 107 nm long. All the xerogels analyzed consist of
granules corresponding to amorphous particles and graphitized sections [15]. The R:F-0.05
system has graphitized sections with an interlaminar space of 0.51 nm, for R:F-0.25 of
0.49 nm, and for R:F-0.40 of 0.52 nm. These findings are consistent with the interlaminar
spaces identified in the XRD analysis.

a b c

200 nm 50.nm Lt ; 50 nm

200500 &

200 b s 100 nm

Figure 4. TEM figures of the internal morphology of the xerogels of R:F-0.05 (a—c), R:F-0.25 (d-f), and
R:F-0.40 (g-i).

As the RF ratio increases, the carbon content in the xerogel structure also rises. How-
ever, XRD analysis shows that the interlaminar space does not correlate with R:F ratio
variations. Despite this, there is a relationship between the degree of graphitization and
crystallinity. Polymers with a high concentration of carbon—carbon bonds tend to ex-
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hibit greater graphitization [16]. The synthesized xerogels, characterized by a carbon-rich
structural chemistry, align with this tendency. The pressure within the reaction systems
stabilized the carbon structures of the xerogels, promoting the formation of denser or more
ordered graphitized carbon structures. This stabilization enhanced the reorganization of
carbon atom bonds within the xerogel structure, facilitating crystalline forms [17]. As
the R:F ratio increases, more defined crystalline structures will be achieved. Figure 4
illustrates that the degree of crystallization and graphitization increases with higher R-F
ratios. Specifically, Figure 4h,i show that the sample with an R:F-0.40, having a higher
carbon content, presents extensive zones of graphitization and well-defined raw crystalline
structures. Notably, this sample achieves graphitic nanoencapsulation, where carbon is
organized into graphitic layers on a nanometer scale [18].

3.3. Adsorption Equilibrium

Studying adsorption equilibria in batch systems provides insights into the maximum
adsorption capacities under specific conditions, such as temperature, pH, and initial con-
centration conditions. The adsorption capacity of these materials can be evaluated by
varying the initial metformin concentration in the adsorption process using xerogels. As
depicted in Figure 5, an increase in the initial metformin concentration leads to higher
adsorption capacities irrespective of the R:F ratio. This behavior indicates that more con-
taminant molecules can be adsorbed onto the adsorbent at higher initial concentrations
until reaching saturation.
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Figure 5. Evaluation of the adsorption capacity of metformin in R:F-0.05, R:F-0.10, R:F-0.25, R:F-0.30,
and R:F-0.40, variation in the initial concentration of metformin from 50 to 500 mg/L, at pH 7 and
25 °C for seven days. qe (mg/g, concentration of metformin adsorbed at equilibrium) and C, (mg/L,
metformin concentration at equilibrium).

The adsorption isotherms obtained from all the experiments were fitted to the Lang-
muir, Freundlich, and Prausnitz-Radke models, and the adjustments can be found in
Table S1 (in Supplementary Information), considering Equations (2)—(4). According to the
Langmuir model, the maximum adsorption capacities obtained were 206.6, 213.2, 229.2,
2442, and 260.4 mg/g for R:F ratios of 0.05, 0.10, 0.25, 0.30, and 0.40, respectively. The rise
in the adsorption capacity as a function of the R:F ratio could be explained according to the
pH solution, metformin ionization, and pHpzc of the xerogel adsorbents.
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The adsorption process was conducted at pH 7, implying the presence of cationic
forms of metformin (Figure S1). The point of zero charge for the xerogels with R:F ratios
of 0.05, 0.10, and 0.25 is below the working pH (pHgolution < PHpzc). Consequently, the
material surface will be positively charged. For these xerogels, the adsorption mechanisms
involve the formation of hydrogen bonds between the hydroxyl groups of the xerogels and
the amino groups of metformin. For R:F ratios of 0.30 and 0.40 (pHgoution > pHpzc), the
adsorption mechanism implies hydrogen bond formation, but also electrostatic attractions
are favored between the negatively charged surface xerogel and the positively charged
metformin species in solution. The adsorption of metformin on the R:F-0.40 xerogel was
confirmed by FT-IR analysis (Figure S6). The hydroxyl groups show a broad adsorption
band in the 3400-3600 cm ™! region due to the O-H bond. This band exhibits lower intensity
and a shift towards lower wavenumbers, suggesting the formation of hydrogen bonds
(O-H:---N) since the strength of the initially free O-H bond weakens when it becomes part
of the O-H----N bond (Figure S6) [19,20]. In addition, the band at 1769 cm~! indicates
the interaction of the hydroxyl groups with the amino groups (NH----OH) [21]. On the
other hand, the amino groups of metformin exhibit characteristic adsorption bands at
3342 cm~! (N-H stretching), 1599 cm ™! (primary amine), and 1369-1417 cm~! (C-N bond).
As the metformin concentration increases, these bands are shifted to lower wavenumbers
(3400-3600 cm 1), suggesting the formation of electrostatic interactions between the xerogel
surface and metformin molecules. These interactions can influence the stability of the
adsorbed layer, the specificity, and the increase in adsorption energy during the adsorption
process of metformin molecules. Therefore, the adsorption process onto the xerogel surface
is governed by the occurrence of hydrogen bond formation at pHgption< pPHpzc, while both
electrostatic attractions and hydrogen bond formation are favored at pHgoution > pHpzc-

The synthesized xerogel, R:F-0.40, demonstrates an impressive adsorption capacity
of 325 mg/g, for removing metformin from aqueous solutions. This represents a 115.13%
increase compared to the highest value previously reported in the literature, 151.07 mg/g,
as shown in Table 2.

Table 2. Comparison of R:F in removing metformin compared to other literature.

Experimental Conditions (Dose,

Adsorbent é;ls:zﬁm(); o/g) Concentrations (C0), Time, Potential Mechanisms  Reference
pactty & Temperature, and pH
. 0.5g/L,8-40mg/L,25°C, 71—t interactions and

Graphene oxide 96.7 160 min, 6 hydrogen bonds [22]
Graphene oxide 122.6 golggg! (I:“ ’ g(;%—mo mg/L, 3h, - [23]
Molecularly imprinted polymers  80.0 ég gZ/SL‘; g_} 80 mg/L, Electrostatic attractions ~ [24]
Activated carbon from Sibipiruna  103.83 ;Oo_gé I;&256_900 mg/L, 6h, Physisorption [25]
Hydrochar activated from 1136 2.5g/L,100-1000 mg/L, 7 days,  Attractive electrostatic [26]
Byrsonima crassifolia stones ' 25°C,7 interactions
Gum ghatti-cl-poly(N-isopropyl Lone pair-pi
acrylamide-co-acrylic acid)/ 151.07 0.8 g/L,25-250 mg/L, 24 h, interaction, electrostatic [27]
CoFe,O4 nanocomposite ’ 30°C, 8 interactions, and
hydrogel hydrogen bonding

. Electrostatic
Resorcinol-Fomraldehyde 35 0.5 g/L, 50-500 ppm, 7 days, interactions, and This study

xerogels

25°C, 11

hydrogen bonding
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3.3.1. Effect of pH

The relationship between pH and adsorption capacity is analyzed using experiments
in which the pH of a solution is varied, and the number of contaminants adsorbed by
the material is monitored, as shown in Figure 6. The pH affects the surface charge of the
adsorbent material due to the ionization of the functional groups on its surface. It can
modify the adsorbent’s affinity for the contaminants present in the solution. Figure 6
indicates that, in general, the adsorption capacity of xerogels increases as the R:F ratio
rises. This increase is attributed to structural hydroxyl groups that enable hydrogen bond
interactions. Additionally, the adsorption capacity also rises with increasing pH due to
electrostatic interactions between the surface charge of the xerogels, which is influenced by
their isoelectric points, and the cationic forms of metformin. A pH of 3 results in a positively
charged surface (pHgolution < PHpzc) and positively charged metformin (dicationic form,
as shown in Figure S1) for all the xerogels used. This causes electrostatic repulsion between
the adsorbent and the metformin, significantly decreasing the adsorption capacity. At this
pH, the maximum adsorption capacity for all xerogels does not exceed 50 mg/g, and the
interaction forces are primarily due to hydrogen bonds. The electronegativity of oxygen
in the xerogel’s hydroxyl group is high, creating an electron negative charge (6-) on the
oxygen atom and a low electron charge (6+) on the hydrogen atom. This polarity facilitates
an attractive interaction between the hydroxyl group’s oxygen atom and the mono-cationic
metformin’s hydrogen atom. Changing the pH of the solution in the adsorption process
from 3 to 7 improves the adsorption process by 200, 332, 282, 221, and 271% for R:F 0.05,
0.10, 0.25, 0.30, and 0.40, respectively. At pH 3, the hydroxyl group of phenol will be
predominantly in its protonated form. Conversely, at pH 7, they become partially ionized
(phenolates), as indicated by the xerogels’ isoelectric points. The change in pH from 3 to
7 influences the charge and polarity of hydroxyl groups, affecting metformin’s adsorption
capacity. Then, this ionization facilitates electrostatic interactions between the hydroxyl
groups and metformin, thereby promoting metformin adsorption.

Additionally, XRD analysis of particle size (see Supplementary Materials) reveals a
trend where the particle size decreases with increasing R:F ratio, significantly reducing
adsorption sites” steric availability. For R:F-0.40, despite having the smallest particle
size among all xerogels, the increase in adsorption capacity is not substantial concerning
R:F-0.30. It is primarily due to its isoelectric point being 9.02, which limits the availability
of phenolates crucial for generating electrostatic interactions. Moreover, further elevating
the pH from 7 to 11 results in a more modest improvement of 21% to 54% in adsorption
efficiency. The maximum adsorption capacity occurs at a pH of 11, with R:F-0.40 reaching
329 mg/g values, as shown in Figure 6. At this pH, the adsorption capacity increases due
to reduced electrostatic repulsion and enhanced interactions between the xerogels and
metformin molecules. At a pH of 11, all xerogels are already above the isoelectric point,
and all active sites are negatively charged (hydroxyl groups can be deprotonated in a basic
environment), so the surface charge of the xerogel is negative, and the metformin species is
neutral. This condition led to the formation of hydrogen bonds between the amino groups
of metformin and the hydroxyl groups of the xerogel. In the case of amino and hydroxyl
groups, these bonds form due to the differences in electronegativity between the atoms
(NH----OH) involved and the ability of hydrogen atoms to form attractive interactions
with the electron pairs of electronegative atoms [28]. Hydrogen bonds play a crucial role
in the main interactions between the adsorbent surface and the adsorbate, enhancing
adsorption [29]. Hence, the pH of a metformin solution plays a crucial role in adsorption
processes, affecting the adsorbent’s surface charge, the adsorbate’s charge, the type of
interactions involved, and the overall efficiency of the process.

The analysis of the xerogel (R:F-0.40) with metformin allows us to determine its actual
adsorption capacity and understand how the adsorbate interacts with the surface of the
adsorbent. Characterization techniques provide detailed information on the physical,
chemical, and structural properties of the adsorbent and its interaction with the adsorbate.
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As described above, the interactions found for all xerogels with metformin are due to
hydrogen bonds between the xerogel’s hydroxyls and the metformin’s amino groups.
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Figure 6. Adsorption equilibrium as a function of the solution pH, and there is a variation in the
initial concentration of metformin from 50 to 500 mg/L and 25 °C for seven days.

SEM analysis shows the surface morphology of R:F-0.40 after metformin adsorption,
in Figure 7 and Figure S7. The structure of the xerogel does not present modifications due
to the adsorption process; only the accumulation of cubic crystalline structures dispersed
on the surface of the xerogel is denoted. With the EDS analysis (Figure 7), it is possible
to determine that the deposited crystals are mainly made up of N (6.78% w) and Cl
(9.13% w). Element mapping analysis in crystals with metformin is feasible to analyze with
the chlorine that is present in metformin (1,1-Dimethylbiguanide hydrochloride) at 21.4%
w because the identification of nitrogen is complicated due to the characteristic energy
emitted by nitrogen’s X-ray electrons being relatively low, which can make it difficult to
detect and distinguish it from other elements. As shown in Figure S7, the mapping for
chlorine allows us to visualize a uniform surface distribution of metformin in R:F-0.40. The
metformin adsorption analysis is complemented with a TGA analysis (Figure S8), which
provides information on the thermal stability of the R:F-40/Metformin system at different
temperatures, with a shift in the thermogram to better thermal stability to degradation
because the amount of mass loss is improved by between 4 and 13%. TGA analysis confers
relevance to molecular interactions between xerogel and metformin since it significantly
changes the mass loss rate compared to xerogel alone. Figure S8 shows a considerable
mass loss between 265 and 325 °C, related to the loss of -CH3 and —-NH, groups from the
original molecule ([30]). The R:F-0.40/Metformin sample was loaded with a solution at
80 mg/L, which had an equilibrium concentration of 36.5 mg/L, and with equilibrium
calculations, it is expected to have 135.94 mg/g (13.59 wt. %) of adsorbed metformin. When
analyzing Figure S8, integrating the areas under the curve for the loaded and unloaded
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sample, 46,219.79 and 40,886.61 units are found, respectively, so there is a metformin mass
of 13.04 wt. %. That indicates that the experimental equilibrium results are consistent in
adsorbed metformin when analyzed using the TGA technique.

CLK;

Element Weight%  Atomic %
CK 62.96 70.05
N K 5.59 5.33
oK 26.35 22.01
Na K NaK 264 154
l,, ALK 141 0.7
CIK 0.66 0.25
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0.4

0.13

Cak

aha i -

)
10.0 mm X (LINAN-IPICYT)

Figure 7. SEM and EDS in recovered R:F-0.40 after seven days of metformin adsorption at 80 mg/L,
pH?7,25°C.

3.3.2. Effect of Temperature and Thermodynamic Analysis

The variation in temperature of a solution in an adsorption process can impact the
metformin adsorption capacity of xerogels. In conjunction with the pH variation study,
the temperature effect provides insights into the adsorption behavior and the underlying
interactions between metformin and the xerogel adsorbents. Three different R:F ratios (low,
intermedia, and high) were selected to study the effect of temperature on the adsorption
process. As shown in Figure 8, increasing the temperature for R:F 0.05, 0.25, and 0.40 directly
enhances the amount of metformin adsorbed. Increasing the temperature can enhance the
diffusion of molecules to the adsorption sites and increase the adsorption probability. At
higher temperatures, molecules typically experience an elevation in kinetic energy. This
heightened thermal energy facilitates the diffusion of adsorbate molecules toward the
adsorption sites on the adsorbent. Consequently, they engage more effectively with the
surface of the adsorbent, enhancing interaction and promoting adsorption. As a result,
more adsorbate molecules can be adsorbed, having a maximum adsorption capacity of
267 mg/g for R:F-0.40. For the xerogels analyzed in Figure 8, the increase in temperature
from 15 to 25 °C improves the adsorption capacity between 11% and 22%. In contrast,
the increase from 25 to 45 °C improves the adsorption capacity between 2.5% and 11%.
Considering these findings, it is crucial to analyze the operational costs of maintaining
higher process temperatures to balance adsorption capacity and economic feasibility.

The metformin adsorption heat in xerogels was estimated using the Langmuir isotherm,
K1, equilibrium constant values and applying the following graphical Equation (6):

AH 1
In(K;) = — 2-tads [~
(ki) = -2 (1) ©
where:
e AH,4s = Adsorption heat, ] /mol.
e K =Langmuir isothermal equilibrium constant related to adsorption enthalpic, L/mg.
e R =TUniversal constant of ideal gases, 8.314 ] /mol K.
e T =Temperature, K.
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Figure 8. Evaluation of the adsorption capacity of metformin in R:F-0.05, R:F-0.25, and R:F-0.40,
variation in the temperature (15, 25, and 45 °C) of metformin solution, and initial concentration of
metformin from 50 to 500 mg/L at pH 7 for 7 days.

As observed in Equation (6), the part % corresponds to the slope of the linear

adjustment. The values of the free Gibbs energy (AG) and the entropy (AS) changes were
calculated following Equations (7) and (8) [31].

AG® = —RTIn(Ky) )
0
In(Kp) = —% (;) + % )

The thermodynamic parameters obtained for the metformin adsorption process onto
the xerogel adsorbents are presented in Table 3. The positive enthalpy values (AH,q45 > 0)
across all analyzed xerogels suggest that adsorption occurs through a physical and en-
dothermic mechanism at 15, 25, and 45 °C. These results suggest that physisorption occurs
during the metformin adsorption process. This physisorption is evidenced by hydrogen
bonds between metformin molecules and xerogel surfaces, as indicated by low energy
values (<40 kJ/mol) [32]. Additionally, it was observed that the AH, 45 values decrease with
increasing temperature, indicating that the metformin adsorption process onto the xerogels
is favored with an increase in temperature. Furthermore, all negative free energy values
(AG?) indicate that the thermodynamic adsorption process is feasible and spontaneous
from a thermodynamic perspective. Metformin molecules are attracted and attached to
the surface of the adsorbent by favorable interaction mechanisms (at higher temperatures),
such as hydrogen bonds or electrostatic interactions. The positive values of entropy changes
(AS?) imply an increase in the system’s entropy attributed to metformin adsorption on the



Processes 2024, 12, 1431

17 of 25

surface of the xerogels, contributing to a favorable thermodynamic process. This adsorption
process modifies the surface of the adsorbent, and metformin molecules have a specific
molecular orientation and configuration.

Table 3. Thermodynamics of the adsorption of xerogels.

Xerogel Temperature (°C)  AHads (kJ/mol) —AG° (KJ/mol) AS° (J/mol)
15 9.41

R:F-0.05 25 19.33 947 34.45
45 8.37
15 9.84

R:F-0.25 25 12.86 9.72 10.50
45 9.52
15 8.60

R:F-0.40 25 0.77 9.05 27.16
45 9.41

3.3.3. Effect of Competitive lons

Inorganic salts can significantly impact adsorption processes, influenced by the
specific characteristics of the salts and the adsorbent materials. Primarily, salts in solu-
tions alter the adsorption capacity of the adsorbent by blocking active sites or inducing
structural changes in the material [33]. Notably, the R:F-0.40 adsorbent, with a substan-
tial proportion of basic sites (2.31 meq/g) and a point of zero charge at 9.02, should be
influenced by the presence of salts like MgCl,, CaCl,, and NaCl in the adsorption process
of metformin due to the cations from these salts competing for the active sites (hydroxyl
groups) in the xerogel surface. Figure 9 shows that the presence of Na* decreases the
adsorption capacity of R:F-0.40 by 25-62%, Mg?* by 70-73%, and Ca®* by 59-78%. These
decreases are due to coordination complexes between the aqueous ions and the basic
sites of R:F-0.40. The hydroxyl groups promote these coordination complexes because
the oxygen atoms of the hydroxyl groups donate unshared electron pairs to the metal
cations, creating coordination bonds [34]. Furthermore, the ionic radius of Ca?* (99 pm)
is larger than that of Mg?* (65 pm), meaning that the electrostatic compensation on
the xerogel’s basic sites will be greater for Ca?*. Consequently, an increase in Ca%*
concentration more significantly reduces metformin adsorption. This is because Ca?*
forms coordination complexes, compounds formed by the interaction of a metal ion
with a ligand, in this case, the hydroxyl groups on the xerogel. The larger ionic radius
of Ca®* (approximately 100 pm) compared to Mg?* (approximately 72 pm) allows Ca?*
to interact more extensively with multiple hydroxyl groups, leading to a stronger and
more extensive network of coordination complexes. This extensive interaction results in
a more effective neutralization of the surface charge of the xerogel, causing a significant
reduction in available active sites for metformin adsorption and creating steric hindrance
as its concentration increases. Contrastingly, Mg?*, with its smaller ionic radius, forms
less extensive coordination complexes with the hydroxyl groups. This clear contrast with
Ca? allows for greater accessibility of the adsorption sites for metformin molecules. As a
result, while Mg?* still competes with metformin for binding sites, it causes less steric
hindrance and surface charge neutralization compared to Ca?*. Therefore, increasing
the concentration of Mg?* to 0.5 M leads to a less significant decrease in metformin ad-
sorption than Ca?*. According to Table 2, the xerogels’ metformin adsorption capacities
are competitive, even with the effect of the salts used.
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Figure 9. Analysis of the effect of 0.05, 0.1, and 0.5 M solutions of MgCl,, CaCl,, and NaCl on the
adsorption isotherms of metformin in R:F-0.40, at 25 °C and pH 7.

3.3.4. Computational Results on the Adsorption of Metformin

DFT calculations have been instrumental in exploring various properties of carbon
aerogels and xerogels, such as pore size distribution, pore volume in carbon aerogels, and
surface areas [35]. Additionally, of note are the photothermal effects in graphene-CuFeSe,
aerogels by simulating the influence of single-layer graphene on CuFeSe; clusters and in
determining hydrogen bond lengths in reduced graphene oxide aerogel membranes, which
revealed significant impacts on pore structure [36]. Furthermore, DFT has been utilized to
analyze the hydrophobic mechanism in S and N co-doped graphene aerogels, attributing
hydrophobicity to changes in surface electrostatic potentials, charge densities, and electron
distribution resulting from co-doping [37]. Although the authors are unaware that DFT
is being used to investigate antibiotic adsorption on xerogels specifically, computational
tools have been extensively employed to model the adsorption processes of antibiotics
on other materials [38]. These diverse applications underscore DFT’s robust capability
to elucidate the molecular-level properties of a wide range of materials. This study used
computational calculations to investigate the possible interactions between metformin and
the hydroxyl groups in the xerogels. According to the experimental results, the pH of
the solution plays an important role in the adsorption of metformin on the surface of the
xerogels. Therefore, molecular simulations were carried out to model the xerogel surface at
three distinct pH levels: 2, 7, and 11. Different structural configurations (Tables 54 and S5)
were proposed for these pH conditions based on the material’s pHpzc values. Specifically,
at pH =2, a neutrally charged xerogel model (Xer) was considered; at pH = 7, both neutral
and negatively charged xerogel models (Xer and Xer™~) were examined; and at pH =11, a
negatively charged xerogel model (Xer™) was evaluated. In addition, considering the three
pH values mentioned before and the speciation curve of metformin related to protonation—
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deprotonation of metformin (see Supplementary Materials Figure S1), four different forms
of metformin were considered: neutral form (Met), monoprotonated form (1Met* and
2Met"), and biprotonated form (Met?**). Therefore, the calculated adsorption energies
(Eags) and geometry for the several proposed models are summarized in Tables S2, S3, and
Figure S9. Considering different adsorption modes for the four forms of metformin, let
us establish strong interaction-type hydrogen bonds and electrostatic attraction between
protonated or deprotonated hydroxyl groups and amino groups with neutral, monopro-
tonated, and biprotonated metformin. The systematic study of the Exq4 for all systems
led to the conclusion that the adsorption is preferred over negatively charged xerogel and
monoprotonated metformin pH = 7 and neutral metformin and negatively charged xerogel
at pH = 11, since the metformin adsorption energy values were lower than those obtained
for neutral xerogel and biprotonated metformin in all structures evaluated (Table S2). In
this sense, high pH values favor metformin and xerogel interaction via the formation of
electrostatic attraction and hydrogen bonds. These results agree with experimental results,
which indicated that metformin adsorption is favored at high pH values. The stability of
the different geometries can be deducted based on their E545. Hence, for the most stable
geometries, the solvent effect was considered to achieve a better approximation to real
aqueous solutions, and the obtained results are reported in Figure 10 (see also Table S3).
It can be observed that E 545 values decrease (become more negative) significantly under
this approximation, ratifying the high favorability of metformin adsorption under these
adsorption modes. The most stable adsorption modes for neutral, monoprotonated, and
biprotonated are displayed in Figure 11. The E 545 for biprotonated, monoprotonated, and
neutral metformin adsorbed onto xerogel are displayed in gas and aqueous phases. How-
ever, the calculated adsorption energies of metformin, accounting for implicit solvation
effects, are significantly lower in magnitude compared to those obtained from gas phase
interactions (See Table S3). Thus, including solvation effects notably impacts the adsorption
energy values as previously reported for other systems [39]. It can be observed that for the
most stable metformin adsorption modes onto xerogel structures, the geometries are estab-
lished and stabilized through the formation of several hydrogen bonds and the electrostatic
attraction between deprotonated hydroxyl xerogel groups and monoprotonated metformin.
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Figure 10. Adsorption energies (E4s) for the most stable models of biprotonated, monoprotonated,
and neutral metformin adsorbed onto xerogel structure at three different pH values: 2,7, and 11.
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Figure 11. Most stable adsorption modes of metformin molecules on xerogels models. The C, O, H,
and N atoms are symbolized by dark gray, red, white, and blue, respectively.

3.3.5. Adsorption in Simulated Urine

Analyzing the adsorption process of metformin in simulated artificial urine provides
insights into the selectivity of the adsorbent. Simulated urine contains various chemical
species that compete with metformin for adsorption sites on the adsorbent. By examin-
ing metformin adsorption in this context, it can evaluate the adsorbent’s selectivity for
metformin amidst other potential competitors in real-world scenarios. Figure 12 presents
the evaluation of the xerogel adsorption capacity of R:F-0.40 in synthetic urea, and urine
is presented. Synthetic urine, prepared with inorganic salts, urea, and creatinine, served
as the dissolution medium for metformin at various concentrations (50 to 500 mg/L) to
obtain the adsorption isotherm. The results showed a significant decrease in metformin
adsorption capacity in R:F-0.40, from 260.40 mg/g to 99.26 mg/g (a 61.88% reduction) in
the presence of urea and to 170.56 mg/g (a 34.5% reduction) in the presence of synthetic
urine. The considerable decrease in metformin adsorption in competition with urea is
attributed to urea occupying a greater proportion of the adsorption sites of R:F-0.40 due to
its smaller molecular size, greater polarity, and ability to form hydrogen bonds between
its primary amine groups of the urea and the hydroxyls of the xerogel. This interaction is
illustrated in Figures S10 and S11, where the adsorption band at 3305 cm ! is attributed to
amine hydrogen bonds [40].
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Figure 12. Evaluation of the adsorption capacity of metformin in R:F-0.40 with synthetic urea and
urea—creatine urine, variation in the initial concentration of metformin from 50 to 500 mg/L at pH 7,
25 °C for 7 days. “Standard” is the adsorption process only with metformin in a variation of 50 to
500 mg/L at pH 7, 25 °C for 7 days.

For the two synthetic urines used, the adsorption bands between 3450 and 3150 cm ™! found
in Figure S10 indicate the presence of amino groups in R:F-0.40, confirming the adsorption of
urea and creatine. Creatine is a polar molecule due to the presence of amino and carboxyl groups,
which facilitates its interaction with polar adsorbent surfaces such as R:F-0.40. Metformin is
also a polar molecule due to the amino and amide groups, but it may have greater structural
complexity (higher molecular weight and atomic dimensions) than creatine and urea, which
may hinder its interaction with the adsorbent sites of the xerogel. Additionally, creatine forms
hydrogen bonds, further enhancing its adsorption. While urea also forms hydrogen bonds, its
greater structural complexity and the presence of two carbamide functional groups could affect
the nature and strength of these interactions. Consequently, the system with metformin, urea,
and creatine (Figure S11) will be more selective toward creatine adsorption. In Figure S12, the
UV-vis adsorption bands of metformin (232 nm) are still visible after the adsorption process,
indicating a decrease in adsorption capacity due to the competitive adsorption of the synthetic
urine components. The adsorption bands of urea (192 nm) and creatine-urea (194 nm) in
solution with metformin are not noticeable after the adsorption process, suggesting that the
system completely adsorbs urea and creatine. Therefore, the adsorption of metformin onto
R:F-0.40 decreases in the presence of these competing components.

3.3.6. Reuse Cycles

Reusing adsorbent materials reduces waste and more efficiently uses natural resources.
Evaluating reuse cycles helps determine the durability and useful life of the material, which
positively impacts environmental sustainability. The reusability of an adsorbent material
significantly impacts its adsorption capacity due to material wear, loss of active sites, con-
taminant accumulation, changes in chemical structure, and regeneration effects. Figure 13
presents the impact of reuse cycles on the adsorption capacity of R:F-0.40, showing a no-
table decrease with each cycle. At pH 11, the adsorption capacity drops significantly by
73.23% (from 325 to 87 mg/g). At pH 7, the reduction is 52.31% (from 260 to 124 mg/g);
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at pH 3, it is 38.57% (70 to 43 mg/g). Hence, low pH values affect adsorption capacity,
resulting in minor adsorption. Balancing reusability and adsorption capacity, pH 7 proves
optimal, maintaining an adsorption capacity of 124 mg/g in the third reuse cycle, which
remains competitive with current materials (Table 2). Figure S13 shows that with increasing
reuse cycles, the desorption capacity of R:F-0.40 decreases to 7.11%. This suggests that the
electrostatic interactions and hydrogen bonds facilitating the adsorption process effectively
retain metformin, thereby hindering its release from the polymeric structure during reuse
cycles. As illustrated in Figure S14, after three reuse cycles, R:F-0.40 still exhibits amino
group bands between 3150 and 3450 cm~!. The adsorption band at 3151 cm™~!, associ-
ated with OH stretching due to hydrogen bonds, remains, while the band at 3412 cm™!,
corresponding to the hydroxyls of the initial polymeric structure, disappears [19]. This
indicates that a significant amount of metformin remains immobilized inside the xerogel.
The persistent presence of metformin after the adsorption cycles underscores the strong
electrostatic interactions and hydrogen bonds between the adsorbate and the adsorbent
material, suggesting a potential for irreversible adsorption. This retention highlights the
efficiency of R:F-0.40 in immobilizing metformin, though it poses challenges for the mate-
rial’s reusability. Future work contemplates using different pH, temperature, and amount
of extractant solvent conditions to improve the removal process of metformin from xerogels.
It may also contemplate applications in controlled release systems for xerogels loaded with
metformin, considering biological safety tests.
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Figure 13. Evaluation of the adsorption capacity of metformin in R:F-0.40 with several cycles reusing,
variation in the initial concentration of metformin from 50 to 500 mg/L at pH 7, 25 °C for 7 days.

4. Conclusions

The study on metformin adsorption onto R:F xerogels presented a comprehensive
exploration of crucial factors influencing adsorption processes, with implications for wa-
ter purification and environmental sustainability. The xerogel synthesis process yields
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interconnected polyaromatic structures, creating differences between acidic and basic sites
on the xerogel structure, which were essential for adsorption characteristics. Extensive
physicochemical characterization highlighted structural modification’s impact on adsorp-
tion capacity, showcasing the tunability of xerogel properties. Furthermore, FT-IR analysis
revealed crucial transformations during polymerization, while variation in acidic and basic
sites influences adsorption selectivity. Moreover, XRD showed an amorphous nature and
smaller particle sizes with increasing R:F ratios. In addition, the SEM and TEM indicated
high R:F ratios, resulting in large particle sizes and improved crystallinity, which correlate
with high carbon content. Additionally, adsorption equilibrium studies demonstrated
increased adsorption capacity at higher metformin concentrations, emphasizing the xe-
rogel’s impressive adsorption capacity of 325 mg/g, surpassing the previous literature
(Table 2). pH plays a significant role, with low pH decreasing adsorption due to electrostatic
attractions, while higher pH enhances adsorption through electrostatic attractions and
hydrogen bonding. On the other hand, thermodynamic analysis revealed that endothermic
adsorption was favored at high temperatures, underscoring the importance of temper-
ature control. Also, negative values of AG’ involved spontaneous adsorption, driven
by favorable interactions such as hydrogen bonds or electrostatic forces. These findings
contribute to our understanding of metformin adsorption onto R:F xerogels and have
significant practical implications. Additionally, the competitive behavior of Na*, Mg?*, and
Ca?* ions for active sites induces ion exchange and influences adsorption capacity. Finally,
computational simulations and experimental results confirmed that high pH values favor
metformin adsorption, while urea and creatinine in simulated urine decrease adsorption
capacity, affecting adsorbent selectivity. Further, reuse cycle evaluations highlighted pH 7
as optimal for maintaining competitive adsorption capacity, showing an immobilization of
metformin for the xerogel due to strong interactions. Moreover, these practical implications
were crucial for designing efficient adsorbent systems for contaminant removal in water
treatment and pharmaceutical purification processes, addressing critical environmental
protection and resource efficiency challenges.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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Polymerization mechanism of xerogels, Figure S4: Concentration of acidic and basic active sites of
xerogels R:F-0.05 to F:R-0.40, Figure S5: Patterns X-ray diffraction of xerogels synthesized, Figure Sé:
FT-IR spectra of the adsorption of metformin in R:F-0.40, varying the initial concentration of met-
formin from 100 to 500 mg/L (pH 7 and 25 °C), Figure S7: SEM micrographs and element mapping
analysis for particle analysis from the metformin adsorption process result in R:F-0.40, Figure S8:
Thermal gravimetric analysis of metformin, R:F-0.40, and RF:0.40 with metformin, Figure S9: Opti-
mized structure of adsorption modes of metformin for three pH values in the gas phase., Figure 510:
FT-IR spectra of the adsorption of metformin, metformin—urea andS1 metformin-urea—creatine in
R:F-0.40, at 50 mg/L, pH 7, and 25 °C, Figure S11: Scheme of electron surface for the interaction
of the R:F-0.40 monomer with metformin, urea, and creatine., Figure S12: UV-vis spectrum of syn-
thetic urine, synthetic urine with metformin (50 mg/L) before and after the adsorption process with
R:F-0.40, at pH 7, 25 °C, for 7 days, Figure S13: Analysis of the adsorption capacity of metformin
absorbed by R:F-0.40 after three use cycles, Figure S14: FI-IR spectra of original R:F-0.40 and after
three cycles of refusal in the adsorption of metformin at pH 3, 7, and 11, at 50 mg/L, pH 7, and 25 °C;
Table S1: Analysis of the adjustment of the experimental metformin adsorption isotherms at R:F-0.05
to 0.40, using the Langmuir, Freundlich, and Prausnitz—Radke models, Table S2: Adsorption energies
(Eads) of adsorption modes of metformin for three pH values in the gas phase, Table S3: Adsorption
energies (Eads) of adsorption modes of metformin for three pH values in gas and aqueous phases,
Table S4: Cartesian coordinates of the different geometries for metformin—xerogel complex on gas
phase, Table S5: Cartesian coordinates of the different geometries for metformin—xerogel complex on
aqueous solution. Reference [41] is cited in the supplementary materials.
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