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Abstract

Two Nitrogen-modified mesoporous MCM-41 type silicas were synthesized by the sol-gel route and
post-grafting surface modification procedure, obtaining an aminopropyl-modified MCM-41
(denoted MCM-41-N) and an aminoethyl-aminopropyl-modified MCM-41 (denoted MCM-41-NN).
Hexavalent chromium removal from acidified water by adsorption and reduction to Cr(IIl) on the
solid mesophases was analyzed. The modified silicas were characterized by powder X-ray
diffraction, infrared spectroscopy, nitrogen adsorption-desorption measurements at -196 °C, X-ray
photoelectron spectroscopy, #Si solid state Nuclear Magnetic Resonance, and thermogravimetric
analysis. Both samples exhibited very high capacities for decreasing Cr(VI) concentrations in water,
according to the Langmuir isotherm model: 129.9 mg-g? for MCM-41-N and 133.3 mg-g-'for MCM-
41-NN. The chromium speciation in the supernatant after 24 h indicates that MCM-41-N had a higher
capacity to reduce Cr(VI) to the less toxic Cr(III) species than MCM-41-NN: 92.9 % vs 72.5 % when
the initial Cr(VI) concentration was 10 ppm. These differences were related to the different capacity
of nitrogen atoms in MCM-41-N and MCM-41-NN to interact with the surrounding surface silanols
which are required for the chemical reduction of the hexavalent species to take place, as evidenced
by infrared spectroscopy and X-ray photoelectron spectroscopy analysis. Also, the Cr(III)/Cr(VI)
atomic ratios on the solid’s surfaces were higher for MCM-41-N. These results highlight the
characteristics that nitrogen atoms incorporated to silica matrices must possess in order to maximize
the transformation of Cr(VI) into the trivalent species, thereby reducing the generation of toxic waste
harmful to living organisms.

Keywords: hexavalent chromium; adsorption; reduction; nitrogen-doped; silicas; water

1. Introduction

Ordered mesoporous silica, known as MCM-41, is, due to its outstanding chemical and
structural characteristics, one of the most widely studied and utilized materials in the fields of
catalysis and the separation of species of environmental and industrial interest [1,2]. The possibility
of incorporating different chemical functions on its surface using organic functionalizing agents leads
to organic-inorganic composite materials that combine, in a single solid phase, the properties of the
rigid mesoporous network of silica with the specific chemical reactivity of the organic component.
As aresult, the surface functionalization of the MCM-41 system with groups such as -COOH, -5O:H,
-(CHs)s, PEIL, -SH, phenanthroline, -NH», among others, resulted in long-lifetime silica-based solids
capable of separating and/or catalyzing diverse compounds immersed in aqueous matrices of
varying complexity [3-5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Regarding the treatment of aqueous effluents containing hexavalent chromium (Cr(VI)), it has
been shown that the covalent anchoring of amino-terminal functional groups on the mesopore walls
in the MCM-41 system generates a composite material with high Cr(VI) removal efficiency [6]. When
the pH of the aqueous solution is close to neutrality, Cr(VI) ions exist predominantly as CrO4?*-, while
the surface of amino-functionalized MCM-41 contains numerous positive charges, as the pKa of these
organic functions falls within the pH range 9-10 [7,8]. Therefore, at pH = 7, electrostatic attraction
occurs between the mesoporous system’s surface and the negatively charged Cr(VI) species, resulting
in an adsorption capacity that can exceed 60 mg-g* [9]. In contrast, when the aqueous solution
containing Cr(VI) is acidified, the chromium removal mechanism becomes more complex. Under
these conditions, the predominant Cr(VI) species is HCrOs, while the surface of the amino-MCM-41
system is highly positive due to almost complete protonation of the amino species [10]. Thus, a first
step involving the adsorption of hexavalent chromium occurs, followed by a second step where the
reduction to Cr(IlI) takes place [6,11]. This mixed adsorption-reduction process is more efficient when
performed in an aqueous solution with a pH between 2 and 4 [12]. In a previous work, we
demonstrated that for the reduction step to occur, the existence of a group adjacent to the HCrOs—-
“NHs complex which is capable of interacting with the adsorbed Cr(VI) is essential [10]. In the case of
N-doped MCM-41-based systems, the adjacent groups are the remaining silanols located near the
inserted organic functionalities. When the silanols adjacent to the electrostatically generated acidic
chromate-ammonium complex cannot interact with it, no reduction of Cr(VI) to Cr(Ill) is observed,
and only Cr(VI) removal via adsorption occurs. Similarly, on nanostructured carbons doped with
different types of N (i.e., pyrrolic and pyridinic) and using XPS measurements along with first-
principles calculations, Lee et al. confirmed the need of a proton-donating group adjacent to the N
atoms that retains the chromate for reduction to take place [13]. In the case of carbons, it is an alcohol
group that releases a proton to initiate a mechanism similar to the Jones oxidation reaction, catalysing
the formation of Cr(Ill). Modification of MCM-41 with S-containing groups also enables the mixed
adsorption-reduction mechanism, but the synthesis of the MCM-41-SH/SOsH system is more
complex due to its higher number of steps compared to the MCM-41-N system [14]. Additionally, S-
based groups do not have the advantage of being obtained from abundant and low-cost natural
sources, like amino groups, which can be derived from chitin, one of the most abundant polymers in
nature [15,16].

The importance of studying and developing processes to remove chromium lies in the fact that
itis a metal widely used in industry, and as a result, it is released into the environment through leaks,
poor storage, or inadequate treatment of effluents [17-19]. While Cr(VI) has high mobility in the
environment and is highly toxic due to its mutagenic and teratogenic properties, Cr(IlI) has relatively
low toxicity and limited mobility under mildly alkaline or acidic conditions. According to the USEPA
(United States Environmental Protection Agency), the maximum permissible concentrations for
industrial aqueous effluents are 0.1 and 2.0 mg-mL- for Cr(VI) and total chromium, respectively [20].
Therefore, processes and/or materials that maximize the separation of Cr(VI) species along with their
chemical transformation into less toxic trivalent species should be developed and used for the
treatment of aqueous matrices containing this heavy metal, thus minimizing the generation of highly
toxic waste that requires a final disposal stage to complete effluent treatment.

This work reports the synthesis of mesoporous MCM-41 and its subsequent functionalization
with organic agents that provide different types of nitrogen atoms. Through an exhaustive
characterization of the solids using various techniques such as FT-IR, XPS, DRX at low angles and
TGA, the influence of the type of functionalizing agent on the solid’s ability to adsorb and reduce
Cr(V]) in an acidic aqueous matrix is evaluated. The data reported and discussed in this paper
provide new information about the mechanism by which Cr(VI) reduction occurs over nitrogen
containing surfaces.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Reactants

Analytical grade reagents were used as received from Sigma-Aldrich. Hexadecyltrimethyl-
amonnium bromide (CTAB, > 98%) was used as template directing agent, tetraethyl orthosilicate
(TEOS, 2 99%) was used as silica source, and surface modifications procedures were carried out using
aminopropyl-triethoxysilane (APTES, > 98%) and N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
silane (AeAPTES, > 98%). Besides commercial toluene, absolute ethanol, potassium dichromate,
hydrochloric acid and aqueous ammonia were other reagents used for the synthesis and adsorption
tests.

2.2. Synthesis of MCM-41-Based Solids

The synthesis of the MCM-41 phase was carried out following the procedure of Griin et al., which
is a variation of the well-known Stober synthesis for monodispersed silica spheres [21]. Briefly, using
the sol-gel method, a solution with a molar composition of 1 TEOS: 0.3 CTMABr: 11 NHas: 58 ethanol:
144 H20, was formed, and the mixture was kept at 38 °C under magnetic stirring for 2 hours. The
resulting white precipitate was filtered off and washed repeatedly with distilled water. The
mesoporous structure-directing agent was removed by calcination in air at 550 °C for 120 minutes
with a heating rate of 2 °C-min". The final sample was designated as MCM-41. The incorporation of
functional groups containing nitrogen atoms to MCM-41 was carried out by means of a post-synthesis
treatment on the calcined sample: after drying the sample in an oven for 24 hours, 500 mg were placed
in 50 mL of a solution of the selected functionalizing agent in toluene (1% V/V). The molar ratio of
functionalizing agent and MCM-41 was 4.3 and 4.6 for APTES and AeAPTES, respectively. Post-
synthesis treatments were performed for 6 hours at 80 °C with magnetic stirring. Subsequently, the
solids were separated by filtration and thoroughly washed with commercial ethanol. When APTES
was used as the functionalizing agent the final sample was designated as MCM-41-N, when
AeAPTES was used, it was labelled as MCM-41-NN.

2.3. Characterization of MCM-41/N and MCM-41/NN

The long-range mesoporous ordering of the silica-based samples was analyzed by X-ray
diffraction (XRD) using a standard automated powder X-ray diffraction equipment (Philips PW 1710)
provided with a diffracted-beam graphite monochromator and Cu Ka radiation in the 20 range 1.5-
8° with 0.02° steps and acquisition time of 2 s-step™. Fourier transformed infrared spectra (FT-IR) of
dry samples mixed with KBr (1:50 ratio) were obtained on a Nicolet iS5 Thermo- scientific
spectrometer equipped with a Pike Diffuse IR cell with a resolution of 1 cm'. The textural properties,
specific surface area (Sg), pore volume (Vp) and average pore diameter (Dp) were obtained from the
nitrogen adsorption-desorption isotherms recorded at -196°C on samples dried overnight at 100 °C
under vacuum in a Micromeritics ASAP 2020 V1.02 E equipment. The pore size distribution was
determined using the Barret-Joyner-Halenda/Kruk-Jaroniec-Sashari method (BJH-KJS). The salt
addition method was used to determine the surface charge variation as a function of pH and the point
zero charge (PZC). For this purpose, each sample was immersed in an aqueous NaCl solution with
an initial pH fixed with HCl or NaOH (range 2-11). The pH variation after the addition of the selected
sample was plotted against the initial pH value. Solid-state NMR spectra were carried out on a
BRUKER High-Definition Nuclear Magnetic Resonance Spectrometer model AVIIIHD 600 with a
magnetic field of 14.09 Tesla. The #Si analysis was carried out using the Hpdec technique, at a rotation
speed of 15 kHz, with a decoupling sequence cw. Measurements were carried out on a DVT probe of
2.5 mm of triple resonance and double wideband range. Spectra were registered with 4200 scans.
Measurements were carried out on an HXY, Efree Solid State Triple Resonance Probe of 3.2 mm. The
spectra were registered with 100 scans. For #Si measurements, the D1 was 60 s. The surface
composition of the samples was studied by X-ray photoelectron spectroscopy (XPS) by a Physical
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Electronics PHI 5701 spectrometer with a non-monochromatic Mg-Ka radiation (300 W, 15 kV, 1253.6
eV) and a multi-channel detector. The C 1s signal of adventitious carbon at 284.8 eV was used as
reference. Thermogravimetric Analysis (TGA) was used to measure the silanes loading on MCM-41
structure by means of a TA Instruments Mettler Toledo. The analysis was carried out by heating the
functionalized samples up to 900 °C (10 °C-min) in air flow (40 mL-min).

2.4. Cr(VI) Removal Tests

To evaluate the capacity of the MCM-41-N and MCM-41-NN systems to adsorb Cr(VI) and
reduce it to Cr(IIl), batch tests were carried out. For this purpose, aqueous solutions of Cr(VI) with
varying concentrations (range 10-200 mg-L') were prepared from K2Cr207, adjusting the pH by
adding HCl to a value of 2 + 0.2. Then, 25 mg of the selected solid were added to 25 mL of each Cr(VI)
solution under mechanical stirring. After 24 hours the solid was separated by centrifugation at 8000
rpm for 15 minutes. The final concentrations of Cr(VI) and Cr(IIl) in the supernatant were determined
by UV-Vis spectroscopy and ICP.

3. Results and Discussion

3.1. Characterization of MCM-41-N and MCM-41-NN

Figure 1 shows the results of SAXS measurements. The diffractogram of MCM-41 exhibits a
sharp and well-defined peak at 2.5°, along with two broader peaks in the range of 4.0-5.5°. This
diffractogram is typical of ordered mesoporous materials where the diffraction lines are generated
by the presence of long-range pore ordering, and can be attributed to the 2D hexagonal p6m type
pore network typical of the ordered mesoporous structure of MCM-41 [21,22]. The functionalized
samples exhibit diffractograms similar to that of the parent material with a slight decrease in the
intensity of the peaks. This decrease is related to the difference in electron density between the silica
walls and the functionalizing agents. The similarity in the X-ray diffraction patterns between MCM-
41, MCM-41-N and MCM-41-NN indicates that the post-synthetic toluene treatments used to obtain
the functionalized samples did not affect the original mesoporous structure.

Intensity (a.u)

Intensity (a.u.)

2 theta (°)

Figure 1. XDR patterns of MCM-41 (black squares), MCM-41-N (blue circles) and MCM-41-NN (red triangles),
inset: detail of the 4.0-5.0° 2 theta region.

Figure 2 shows the infrared spectra of the pristine sample and its functionalized derivatives. The
MCM-41 spectrum is dominated by a broad and intense band in the range 3800-2800 cm!, associated
with stretching vibrations of OH-containing species: adsorbed water and surface hydroxyl groups
[23]. Another intense and narrower band was observed in the range 1300-950 cm!, with a maximum
at 1080 cm, associated with vibrations typical of a Si-O-5i silicate network. Additionally, two bands

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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of different intensity, but well-defined, are observed at 960 and 3745 cm'. These are associated with
the vibrational modes of surface silanols (Si-OH). These species are present on the external surface of
the particles, as well as decorating the internal surface formed by the mesopore walls. This spectrum
is typical of pure ordered mesoporous silicas [23]. The spectra of the functionalized samples show
marked differences compared to the MCM-41 spectrum. Both MCM-41-N and MCM-41-NN do not
show the bands associated with the presence of Si-OH: the band at 960 cm™ lost intensity and
definition, becoming a shoulder on the main band at 1080 cm!, while the band at 3745 cm! is barely
visible. This indicates that the functionalization acted on the surface of the mesoporous system, using
Si-OH species as anchoring points, as will be discussed later in the analysis of the 2Si-NMR spectra.
In the 3500-2800 cm region, a broadening is observed relative due to the superposition of N-H
stretching vibrations with those of OH-containing species. Furthermore, the presence of organic
groups is confirmed by the appearance of weak bands in the 3000-2800 cm region, corresponding to
C-H stretching vibrations, these bands being more intense in MCM-41-NN. The band at 1650 cm-,
corresponding to the bending of adsorbed water molecules (5 O-H), is intense and narrow in MCM-
41, whereas in the functionalized derivatives a broadening is observed due to the overlap with bands
generated by the asymmetric bending of amino species [24]. Comparing the spectra of MCM-41-N
and MCM-41-NN, it’s observed that they do not present the same relative intensity between bands
in the 1700-1600 cm! region of the spectrum (Figure 2 inset). While MCM-41-NN presents a band at
1600 cm™ slightly more intense than that at 1630 cm, MCM-41-N shows the opposite, the band at
1630 cm’, assignable to the asymmetric bending of *N-H, dominates this region of the spectrum,
being more intense than that at 1600 cm!, which corresponds to the asymmetric bending of the
deprotonated N-H species [24]. The same happens with the band corresponding to the asymmetric
bending mode of “N-H (1550 cm) which presents higher relative intensity in MCM-41-N. This
suggests that after synthesis, the amino species in the MCM-41-N sample has a grater tendency to
protonation than in MCM-41-NN. This type of protonation in as-synthesized functionalized silicas
has been previously studied referring to it as the zwitterion salt model [26,27]. In this process, through
the formation of a hydrogen bond involving the twisting of the organic chain, a residual silanol
neighboring the grafted amino group reversibly donates a proton, resulting in the SiO>H--->*NH:
species. Although a more detailed study based on theoretical calculations would be required, the
differences observed by FT-IR in terms of the degree of protonation could be due to the different
steric hindrances presented by the aminopropyl residues compared to the aminoethyl-aminopropyl
residues. That is, the longer organic chain anchored in MCM-41-NN would experience a greater
strain to fold towards the surface, making interaction with a neighboring residual Si-OH less likely
for protonation of the NH: groups. A more detailed discussion of the degree of protonation and the
types of N atoms present in each sample will be presented in the XPS analysis.

Transmitance (u.a.)

1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FT-IR spectra of MCM-41 (a-black), MCM-41-NN (b-red) and MCM-41-N (c-blue). Inset: detail of the

amino/ammonium associated vibrational modes signals (1700-1400 cm™ region).
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To obtain further details about the surface chemistry of fresh MCM-41-N and MCM-41-NN, XPS
spectra of both as-synthesized samples were acquired (Figure 3). The high-resolution N1s core level
spectrum of MCM-41-N was fitted using two contributions at 401.9 and 399.5 eV, which were
assigned to -‘NH; and -NH,, respectively [20,28]. The relative areas of each contribution indicate that
the amino species predominates over the alkylammonium groups. For MCM-41-NN two additional
contributions appeared compared to MCM-41-N. In addition to the signals corresponding to -NH,
and -‘NHj; species, two bands appeared at 398.3 eV and 400.9 eV, which correspond to the free
secondary amine (-NH-) and its protonated form (-*NH,-) in the aminoethyl-aminopropyl anchored
group, respectively [20]. It is important to highlight that the terminal -*NH; species is present in
minimal amounts in MCM-41-NN, 2.4% compared to 12.9% in MCM-41-N, consistent with the FT-IR
results. Si 2p core spectra were deconvoluted in three contributions (Figure 3). For MCM-41-N, the
higher energy band (104.2 eV) was assigned to the Si-OH species (15.5%). The band at 103.3 eV
corresponds to the silicon atoms forming the walls of the mesoporous network (O-Si-O, 28%), and
the lowest energy band (102.7 eV, 56.3%) was assigned to the Si atoms that are part of the
functionalizing agent, i.e., O-Si-R, where R represents the anchored organic group [29]. For the fitting
of the Si 2p spectrum for MCM-41-NN, the same three contributions were also obtained, although
some differences in the intensity of the signals were observed. These differences indicate a higher
presence of the Si-OH species in MCM-41-N (15.5%) compared to 3.2% in MCM-41-NN.

N 1s core level

MCM-41-NN

MCM-41-N

Intensity (a.u.)

406 404 402 400 398 396 394
Binding energy (eV)

Si 2p core level

MCM-41-NN

Intensity (a.u.)

s L L L
108 106 104 102 100
Binding energy (eV)

Figure 3. High-resolution N 1s core level (top) and Si 2p core level (bottom) spectra of fresh MCM-41-N and
MCM-41-NN. .
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The #Si-NMR spectra for the functionalized samples are shown in Figure 4. Both spectra are
dominated by a resonance signal at -110 ppm with a shoulder at -101 ppm. This indicates the
predominant presence of the siloxane species (5i(S5iO)s), which forms the walls of MCM-41 and
generates the resonance signal known as Q4 (-110 ppm), while the resonance at -101 ppm can be
attributed to the remaining free silanols, denoted as Q3 [30,31]. Two additional signals are observed
in the range of -50 to -80 ppm. The chemical shifts correspond to the so-called bidentate and tridentate
structures: SiR(OR")(OSi). (=55 to =60 ppm; T2) and SiR(OSi)s (60 to 70 ppm; T3), respectively,
where R represents the organic functional group anchored onto the surface, i.e. aminopropyl or
aminoethyl-aminopropyl. The presence of T2 and T3 signals and the absence of a resonance signal in
the -45 to -50 ppm range indicates that the covalent anchoring of the functionalizing agents has
occurred with two and three anchoring points [32]. It is also noteworthy that most of the T species
are T3, demonstrating that the surface modification was efficient for both samples [33]. The T/(T+Q)
area ratio is a semi-quantitative measure of the level of functionalization and/or the efficiency
achieved in the surface functionalization process for modified silica materials. This parameter is 0.17
for MCM-41-N and 0.21 for MCM-41-NN, indicating that both samples have a similar degree of
functionalization, with a slight improvement in efficiency for MCM-41-NN [33]. On the other hand,
the Q3/Q4 ratio (0.32 and 0.19 for MCM-41-N and MCM-41-NN, respectively) indicates a higher
presence of the Si-OH species in MCM-41-N compared to MCM-41-NN, consistent with the
observations from XPS analysis.

T T T T
100 50 0 -50 -100 -150 -200 -250 -300

f T T T T T T T
100 50 0 -50 -100 -150 -200 -250 -300

ppm

Figure 4. 5Si®-RMN spectra of fresh MCM-41-N (a) and MCM-41-NN (b). Experimental data (black), fitting curves

(red and green).

Figure 5 shows the nitrogen sorption isotherms at -196 °C of MCM-41 and its functionalized
derivatives. All the isotherms are of type IV according to the IUPAC classification, indicating the
presence of mesopores in all samples [34]. The absence of a hysteresis loop indicates that the
mesopores have a diameter smaller than 4 nm, which was confirmed by applying the BJH-K]JS model

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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to obtain the pore size distribution (Figure 5-b). The observed decrease in the average pore size for
the functionalized samples, compared to MCM-41, can be explained considering the different chain
lengths of the functionalizing agents used, and the resulting thickening of the walls caused by each
covalently anchoring to the porous system's walls. The BET surface area (Sg) and pore volume also
show a decrease as a result of the functionalization process, being this effect more pronounced in the
MCM-41-NN sample, which exhibits a 38.9% drop in Sg compared to a 27.8% decrease in MCM-41-N
relative to the initial value registered for MCM-41. The incorporation of the silanes onto MCM-41
surfaces also generated changes in the values of the constant C in the BET equation (Table 1). This
parameter is related to the hydrophobicity/hydrophilicity character of the surfaces: a decrease in C
indicates a reduced affinity for polar substances, such as water. Therefore, MCM-41-N and MCM-41-
NN possess more hydrophobic surfaces than MCM-41, which is consistent with the observed
decrease in the IR band corresponding to adsorbed water on the MCM-41-N and MCM-41-NN
samples (Figure 2).

Table 1. Textural properties and nitrogen loadings of pristine MCM-41 and the hybrid mesoporous samples.

Functional
Sample/ Sg Vp Dp ca group d
Parameter (m2g1) (cm3-gt)2 (nm)P loading (mmol-nm-?)
(mmol-g)
MCM 41 991 0.7 3.1 95.7 - -
MCM 41-N 715 0.4 22 41.0 1.3 11.0
MCM 41-NN 605 0.3 2.0 39.5 1.5 14.9

aby nitrogen sorption (BET), ® BJH-KJS method, by TGA analysis measurements.
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Figure 5. Nitrogen adsorption-desorption isotherms at -196°C for MCM-41, MCM-41-N and MCM-41-NN (a)
and pores sizes distribution in logarithmic scale obtained by applying BJH-KJS method (b).
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The acid-base behavior of the surface was analyzed using the salt addition method. This titration
of a solid provides qualitative information on the species on the surface and allows the determination
of the net surface charge at a specific pH value. Table 1 shows the pH values at which the surface of
the samples no longer exchanges protons with the solution. These results indicate that the pristine
MCM-41 system has a positively charged surface below pH = 3.1, due to the protonation of silanols,
whose pKa is approximately 3.0. In aqueous solutions with pH > 3.1, the surface net charge becomes
negative, indicating that the predominant species on the surface is SiO-. For the functionalized
samples, substantial changes in the acid-base behavior of the surface were observed. Both showed a
marked increase in the measured PZC, indicating that the surface remains positive up to pH values
of 8.6 and 8.1 for MCM-41-N and MCM-41-NN, respectively. Above these values, the net surface
charge becomes negative. These changes result from the reversible protonation and deprotonation of
the amino species incorporated during the functionalization processes (details in Supplementary
materials section).

The amount of functional groups anchored to the surface of each sample was estimated through
TGA (Figure 6). Although this technique does not allow an exact quantification of the organic groups
grafted onto inorganic silicas matrices, as the mass loss associated with the thermal degradation of
organic functions partially overlaps with the mass loss due to the condensation of neighboring
silanols, it does allow for a good comparison between functionalized OMSs. The weight loss from
room temperature to 135 °C was attributed to the evaporation of physisorbed water, while the loss
recorded between 200 and 800°C was ascribed to the decomposition of the organic functions [30]. The
weight loss due to water evaporation was very similar for MCM-41-N and MCM-41-NN, 4.8% and
5.3%, respectively, in accordance with the observations from the N2 adsorption-desorption isotherms,
where the Cser constant values were quite similar for both samples. An integrated analysis of the
results from TGA, BET, and FT-IR indicates that the incorporated amino-functions generate higher
surface hydrophobicity compared to pure MCM-41. Over the range of 200-800 °C, the percentage
mass losses were 11.5% and 18.8% for MCM-41-N and MCM-41-NN, respectively, which corresponds
to a loading of 1.3 mmol of aminopropyl per gram of MCM-41-N, versus 1.5 mmol of aminoethyl-
aminopropyl per gram of MCM-41-NN. The density of functional groups on the surface (d),
calculated using equation (2) (Table 1), indicates a high degree of functionalization in both samples,
suggesting that the incorporated functions are well dispersed throughout the mesoporous structure
in agreement with SiZ-NMR findings [35].

d = Na Lo/Seer (eq. 2)

Where Lo represents the number of molecules attached to the surface of the mesoporous silica,
estimated by TGA, and Sser is the specific surface area obtained from nitrogen sorption experiments.
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Figure 6. TGA profiles (black) and its first derivatives (blue) obtained in nitrogen atmosphere for MCM-41-N (a)
and MCM-41-NN (b).

3.2. Performance of MCM-41-N and MCM-41-NN in Cr(VI) Removal

Figure 7 a-b presents the experimental data obtained from the Cr(VI) removal tests conducted
in batch mode. On one hand, the amount of hexavalent chromium removed from the aqueous
solution per gram of sample (qc) is plotted against the concentration of hexavalent chromium
remaining in the supernatant (Ce) for initial Cr(VI) concentrations ranging from 10 to 200 ppm.
Additionally, the total chromium adsorbed on the samples, determined by ICP-OES, is included in
the graph. The experimental data were fitted to the Langmuir isotherm model (details of the fitting
process in supplementary information).
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Figure 7. (a) Full adsorption isotherms for Cr(VI) remove in batch modality, pH=2+0.2, T=20°C and 24 h contact
time: MCM-41-N (filled black squares), MCM-41-NN (filled black triangles). Comparison with full adsorption
isotherms considering total chromium concentration in the supernatant: MCM-41-N (empty squares), MCM-41-
NN (empty triangles). (b) Cr(Ill) percentage in the final supernatant with Cr(VI) initial concentration between
10-200 ppm.

Removal tests conducted with pure MCM-41 (not shown) indicate that the MCM-41/Cr(VI)
interaction is negligible. For instance, when the initial Cr(VI) concentration was 130 ppm, the final
chromium concentration after 24 hours of contact under magnetic stirring at 20 °C was 128 ppm. All
tests were performed at pH =2 + 0.2, as previous studies have established this pH as optimal for
maximizing chromium removal for amino-functionalized OMSs [36,37]. Under these conditions,
hexavalent chromium primarily exists as HCrO« [9,38]. Since the surface of pure MCM-41 under
these conditions is predominantly composed of Si-OH species, with small amounts of SiOHz* (as
demonstrated by DLS/PZC measurements), it is understandable that the capacity of MCM-41 to
remove Cr(VI) under acidic conditions is very low. In contrast, the functionalized samples exhibited
very high capacities to remove Cr(VI) from water (Figure 7a, Table 2). The maximum capacities for
Cr(VI) removal (qm) obtained by fitting the experimental points to the Langmuir isotherm model were
129.9 mg-g?! for MCM-41-N and 133.3 mg-g?! for MCM-41-NN. This suggests that the presence of
aminopropyl or aminoethyl-aminopropyl groups does not result in significant differences in the final
amount of Cr(VI) in the aqueous solution. However, when examining the final chromium
concentrations in the supernatant separated into hexavalent and trivalent chromium, it is clear that
while both samples exhibit similar capacities for Cr(VI) removal, they do so in different ways. Figure
7-b shows the percentages of Cr(Ill) relative to total chromium in the supernatant. The amount of
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Cr(Il) produced 24 hours after contact of the initial solution with the solids is higher for MCM-41-N
across the entire range of initial Cr(VI) concentrations evaluated, indicating that MCM-41-N has a
higher capacity to reduce Cr(VI) to Cr(IlI) than MCM-41-NN. Thus, while the numerical capacity to
decrease Cr(VI) concentrations is similar for both materials, MCM-41-N achieves this ability to
remove Cr(VI) from water through a greater degree of progress in the reduction stage. Conversely,
MCM-41-NN removes Cr(VI) from the aqueous solution with less reduction, suggesting that it
adsorbs more Cr(VI) than it reduces. Finally, the gm calculated considering the total chromium
concentration in the supernatant were 107.1 and 122.1 mg-g! for MCM-41-N and MCM-41-NN,
respectively. To understand these differences, it is essential to consider the mixed Cr(VI) adsorption-
reduction mechanism proposed for silica-based materials containing nitrogen atoms. As mentioned
above, this mechanism suggests that, in a first stage, an electrostatic interaction occurs between the
negatively charged HCrOxs species and a surface ammonium ion. This process takes place in an acidic
medium, followed by the formation of a hydrogen bond between a neighboring silanol and one of
the oxygen atoms of the adsorbed chromate, which weakens the Cr-O bond and initiates the
reduction to the trivalent species.

Table 2. Chromium performance parameters obtained in bath assays at pH=2.0 + 0.2 at room temperature for

nitrogen modified MCM-41 phases.

qm Cr(vi? qm Cr(ton)®
Sample/Parameter Cr(III)/Cr(VI)
(mg-g™) (mg-g™)
MCM-41-N 129.9 107.1 1.1
MCM-41-NN 133.3 122.1 1.0

2 determined by applying the Langmuir model, ® calculated from the differences between ICP and uV-Vis
chromium quantification in the supernatant, < over the surface samples determined by XPS.

As demonstrated by FT-IR and XPS, the nitrogen atoms in MCM-41-N and MCM-41-NN do not
have the same ability to interact with the surrounding silanols. This could be attributed to steric
hindrance due to the differing chain lengths of the functionalizing groups. In this way, the lower
ability of the aminoethyl-aminopropyl group to fold back on itself would hinder the proximity of the
HCrOs species to the neighboring silanol, thus reducing the ability of MCM-41-NN to reduce Cr(VI)
to Cr(Ill), leaving the chromate predominantly adsorbed in the hexavalent state on the surface. In
contrast, the greater ease of the aminopropyl group in forming the CrO---HO-5i hydrogen bond
would favor the reduction stage. Similar results for Cr(VI) reduction were reported when
Enterobacter sp. CTWI-06 was applied in one-stage batch culture shake flasks, this bacteria was
recorded to reduce 58.89, 65.76, 76.34 and 84.65% of Cr(VI) but consuming up to 92 h and requiring
large amounts of energy to maintain the optimal growth temperature of 37 °C [39]. On the other hand,
Zero-valent iron nanoparticles showed a low capacity to reduce hexavalent chromium along with
high tendency to oxidize due to dissolved oxygen in water, almost half of Cr(VI) remained in the
solution when the initial Cr(VI) concentration was as low as 20 ppm and about 53% of chromium
species on the sorbent surface was hexavalent [40]. Finally, it is important to highlight that amino-
MCM-41 systems show a rapid initial adsorption of Cr(VI), which contrasts with the relatively longer
times required by other solids such as iron nanoparticles and modified natural minerals, which
typically require contact times ranging from minutes to hours [41,42].

3.3. Characterization of Used Samples

Samples after the sorption were analyzed by XPS in order to determining the chemical state of
the chromium species on the mesophases surface. The high resolution Cr 2p core level spectrum
shows (Figure 8), in both modified MCM-41, two signals located at 575.9 and 577.7 eV, which
correspond to Cr(Ill) and Cr(VI) species, respectively [28]. Analyzing the Cr(III)/Cr(VI) atomic ratio
is possible to see the reduction capacity of each sorbent. Thereby the Cr(III)/Cr(VI) atomic ratios were
1.0 and 1.1 for MCM-41-NN and MCM-41-N, respectively, indicating a higher presence of trivalent
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chromium over the amino-propyl functionalized surface. This agrees with the greater reductive
capacity observed in the adsorption tests, as indicated by the higher amount of trivalent chromium
in the supernatant when MCM-41-N was used.

Cr 2p core level

MCM-41-NN/Cr

MCM-41-N/Cr

Intensity (a.u.)

L L
595 590 585 580 575 570

Binding energy (eV)

Figure 8. High resolution Cr 2p core level spectra of chromium loaded MCM-41-N and MCM-41-NN.

The high-resolution O 1s core level spectra of the chromium loaded samples were deconvoluted
in three different contributions, one more than in the fresh samples (Figures S2 to S5 in
supplementary information). The new signal that appears at lower binding energy (530.2 and 530.1
eV for used MCM-41-NN and MCM-41-N) corresponds to chromium oxides [43]. Additionally, a
significant change was observed in the Si 2p binding energy region of the used samples compared to
the fresh ones (Figures S6 and S7 in supplementary information). The signal corresponding to the Si
atoms of the organic group (102.5-102.7 eV) showed a decrease in intensity, dropping from 56.3% to
15.4% for MCM-41-N and from 64.5% to 15.3% for MCM-41-NN after contact with the Cr(VI) solution.
This decrease could be attributed to the partial leaching of the organic functions anchored to the
surface of the functionalized MCM-41 systems. A new peak appeared at lower binding energy, 102.3
eV for MCM-41-N and 101.9 eV for MCM-41-NN, accompanied by the disappearance of the signal
corresponding to the Si-OH species, indicating that the surface silanols play an important role in the
retention of chromium species onto the surface of the amino-functionalized MCM-41 systems. This
observation is consistent with the findings in the high-resolution O 1s spectra of chromium-loaded
samples, as the area of the O atoms of the silanol species decreases by the same amount as the area
of the new peak corresponding to O-Cr (details in supplementary information).

The high-resolution N 1s core level spectra of both used samples are shown in Figure 9. For
MCM-41-N loaded with chromium, a significant shift to lower energies (A =-0.9 eV) was observed in
the band assigned to the -*‘NHs species. In contrast, no shifts in the binding energies of nitrogen
species were observed for used MCM-41-NN. The amino species decreased in presence while the
ammonium increased, which is expected since the batch tests were performed under acidic
conditions. The differences between the spectra of the spent samples indicate that the interaction with
the chromate ion is much stronger when the organic group on the surface is aminopropyl against
aminoethyl-aminopropyl, which would be related to the greater capacity of this group to reduce
Cr(VI) to Cr(III).
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Figure 9. High resolution N 1s core level spectra of chromium-loaded MCM-41-N (a) and MCM-41-NN (b).

4. Conclusions

Nitrogen-modified MCM-41 structures synthesized by the sol-gel route and post-grafting
technique using toluene solutions of APTES or AeAPTES, showed high specific surface areas, greater
than 600 m?-g-, long order mesopore arrangements with unimodal pore size distributions of 2.2 and
2.0 nm, and an organic functional group loading determined by TGA of around 1.3 mmol-g. #Si-
NMR experiments indicate that the covalent anchoring of the functionalizing agents has occurred
with two and three anchoring points, generating a noticeable change in the acid-base behavior of the
solids surface: the point-zero-charge shifted from 3.5 for the starting MCM-41 to 8.6 and 8.1 for the
aminopropyl-MCM-41 and aminoethyl-aminopropyl-MCM-41, respectively. The terminal -‘NH;
species is present in minimal amounts in MCM-41-NN, 2.4% compared to 12.9% in MCM-41-N,
indicating a greater tendency of the aminopropyl group in MCM-41-N to fold back onto itself and
interact with the surface compared to the aminoethyl-aminopropyl group in MCM-41-NN, as
evidenced by FT-IR and XPS measurements. Both samples demonstrated high Cr(VI) removal
capabilities from aqueous solutions at pH 2, with qm values above 125 mg-g7, as determined by
Langmuir isotherm model. However, MCM-41-N exhibited a superior ability to reduce Cr(VI) to
Cr(III), which was related to the increased propensity of the aminopropyl group to fold itself towards
the surface. Following an initial step, due to electrostatic interaction between the ammonium surface
entities and aqueous hexavalent chromium, this folding facilitates the proximity of adsorbed
chromate ions to the neighboring silanol groups, thereby promoting the reduction process. In
contrast, the low ability of the aminoethyl-aminopropyl group to undergo similar folding restricts
the proximity of the HCrO« species to the neighboring silanols, limiting the occurrence of Cr(VI)
reduction to Cr(Ill), so the chromate remaining adsorbed on the sorbent surface.
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Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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