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Nanosized MCM-41 silica from rice husk and its
application for the removal of organic dyes from
watery
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A novel synthesis of a nanometric MCM-41 from biogenic silica obtained from rice husk is here presented.
CTABr and Pluronic F127 surfactants were employed as templating agents to promote the formation of
a long-range ordered 2D-hexagonal structure with cylindrical pores and to limit the particle growth at
the nanoscale level thus resulting in a material with uniform particle size of 20-30 nm. The physico-
chemical properties of this sample (RH-nanoMCM) were investigated through a multi-technique
approach, including PXRD, 296i MAS NMR, TEM, Z-potential and N, physisorption analysis at 77 K. The
results were compared to those of a nanometric MCM-41 synthesized from a silicon alkoxide precursor.
The adsorption capacity of RH-nanoMCM towards the cationic dye rhodamine B from aqueous phase
was investigated at different initial dye concentrations by means of UV-vis spectroscopy. Insight into the
non-covalent interactions between the dye molecules and the adsorbent surface was gained by means
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1 Introduction

In the last two decades, the research into new nanomaterials for
environmental, catalytic and biomedical applications has
undergone rapid growth.'” Thanks to their excellent thermal
and chemical stability, surface areas around 1000 m?* g *,
channels with a diameter of ca. 2-10 nm, pore volume higher
than 0.90 cm® g and tuneable surface and morphological
properties, mesoporous silicas are still considered as some of
the most porous materials to be exploited for the aforemen-
tioned applications.**® MCM-41 silica belongs to the M41S
family,® and it is characterized by a long-range ordered 2D-
hexagonal structure with cylindrical pores and pore walls of
amorphous silica.»>*® This material is usually prepared through
an aqueous sol-gel synthesis from an alkoxysilane, that hydro-
lyses and condenses in the presence of a cationic surfactant.>***

In 2004, K. Suzuki et al.** demonstrated that, by simulta-
neously using a cationic surfactant as a templating agent and
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of 'H and *C MAS NMR spectroscopy and FT-IR spectroscopy.

a non-ionic surfactant to limit the particle growth, an MCM-41
with particle size dimensions below 50 nm could be successfully
synthesized. The nanosized silica particles thus obtained can
provide several advantages in many application fields.*** In fact,
such silicas are characterized by pores with short length, and
this allows easier diffusion of guest molecules as well as active
sites accessibility.”” R. Mokaya and coauthors™ demonstrated
that the catalytic activity of AI-MCM-41 increases as the particle
size decreases, in that the diffusion of the reactant and product
molecules was improved. Nanometric mesoporous silicas could
be efficiently employed in biomedical applications,’ as the drug
loading was more easily controlled. Gatti et al.* demonstrated
that the CO, adsorption capacity at 35 °C of MCM-41 func-
tionalized with amino groups increases as the particle size
decreases.

Regardless of the multiple advantages related to nanometric
mesoporous silicas, it has to be taken into account that the
large-scale production of these materials could be limited due
to the costs of chemicals, such as the alkoxysilane precur-
sors."'® For this reason, research efforts have been recently
focused on more sustainable and cost-effective processes. The
use of biogenic silica extracted from rice husk instead of
alkoxysilanes for the preparation of silicon-based materials
goes in this direction. For instance, non-porous silica nano-
particles, silicon nitrides and carbides and porous silicas with
tailored textural and morphological properties, such as MCM-
41, MCM-48, SBA-15 and SBA-16, have been prepared.'®*°

Rice husk is the external hull that covers the rice grain and it
is made up of lignin, cellulose, hemicellulose and silica ash, but
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it can also contain metal oxides impurities, whose presence is
related to the soil properties.’*™ Silica ash represents 10-20
wt% of rice husk and is made of amorphous silica.*®

The aim of this work is to propose a novel cost-effective and
environmentally friendly synthesis to prepare a nanosized
MCM-41 from biogenic silica derived from rice husk. To the
best of our knowledge, the synthesis of mesoporous MCM-41
silica with particle dimensions below 50 nm from rice husk is
not reported in the literature. Indeed, recent studies regarding
the synthesis of mesoporous silicas from rice husk are related to
the preparation of silicas with particle dimensions not below
200 nm."*™* In this work, the synthesis method proposed by K.
Suzuki,” related to the use double-surfactant approach to
obtain nanosized MCM-41 from tetraethyl orthosilicate (TEOS),
was properly modified to allow the use of biogenic silica from
rice husk as silicon source. From our literature survey, this
double-surfactant method is here applied for the first time to
the preparation of nanometric MCM-41 from wastes.

The quality of waterbodies has suffered a sharp decline due
to the continuous spreading of water-soluble pollutants, such as
toxic dyes.”* These molecules, in particular organic dyes,
represent an emerging class of water contaminants, whose
presence in water basins is of growing concern due to their
adverse effect on the local environment and mankind.** Among
the different adsorbent materials, mesoporous silicas (e.g.
MCM-41) have demonstrated to be excellent candidates for the
adsorption of cationic molecules from polluted water.>"*>*”

On the light of these considerations, we have proposed RH-
nanoMCM as a cost-effective and more environmentally friendly
mesoporous sorbent for the removal of pollutants. In this study,
rhodamine B was used as a model molecule of a water-soluble
cationic dye.”” Moreover, MAS-NMR and FT-IR spectroscopy
were employed to gain additional information about the non-
covalent interactions at play between the adsorbate molecules
and the adsorbent surface.”® To the best of our knowledge, this
aspect is not deeply investigated in the literature though of
relevance for improving the adsorption performances.

2 Experimental section
2.1 Materials

HCI 37% w/w (Sigma Aldrich®, Steinheim, Germany), sodium
hydroxide (NaOH, CAS: 1310-73-2, M.W. 39.99 ¢ mol ™", Merck
KGsA, Darmstadt, Germany), cetyltrimethylammonium
bromide (CTABr, C,;oH;,BIN, CAS: 57-09-0, M.W. 364.45 g
mol !, Merck KGsA, Darmstadt, Germany), Pluronic F127 (C;-
HeO-C,H,0x, CAS: 9003-11-6, Merck KGsA, Darmstadt, Ger-
many) and tetraethyl orthosilicate (TEOS, Si(OC,Hs),, CAS: 78-
10-4, M.W. 208.33 g mol ', Merck KGsA, Darmstadt, Germany)
were the chemicals used for the synthesis.

2.2 Synthesis of RH-nanoMCM

Rice husk (RH) was supplied by a local farm located in Novara
(Piedmont, Italy). Before calcination, in order to remove dust,
about 20 g of RH were washed in 500 mL of deionized water for
15 min in 1 L Becher under vigorous stirring. The wet RH was
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dried overnight at 70 °C. Next, the dried RH was calcined in air
at 600 °C for 2 h in a muffle furnace to obtain a white powder
named rice husk ashes (RHA). For each gram of RH, ca. 120 mg
of RHA were obtained. Next, to remove traces of metal impuri-
ties and to obtain a high-purity siliceous precursor, 2 g of RHA
were transferred inside a round-bottom flask and were stirred
with 200 mL of a 2 mol L™ " HCI solution for 5 h at RT. Finally,
the powder was recovered through Buchner filtration and
copiously washed with deionized water until pH neutralization
and dried overnight.

To prepare the sodium silicates solution, 1 g of acid washed
RHA were stirred with 1.70 g of NaOH and 30 mL of deionized
H,0 inside a round-bottom flask for 24 h at 70 °C. At the end of
the procedure, a dark suspension was obtained, whose colour
was mainly due to traces of suspended carbonaceous residues
derived from the calcination of RH. The carbonaceous residues
were separated from the sodium silicate solution in this way:
the suspension was equally divided into two conical-bottom
polypropylene centrifugation tubes, that were centrifugated at
7000 rpm for 4 min. The supernatant (i.e., the silicates solution)
was withdrawn with a disposable Pasteur pipette and trans-
ferred inside a 100 mL Becher. At this point, 2.6 g of CTABr and
2 g of Pluronic F127 were added to the sodium silicate solution
that was carefully stirred until the complete dissolution of the
surfactants. Next, the pH was brought to 10 by means of
multiple additions of glacial acetic acid and a white suspension
was obtained. Subsequently, the gel was carefully stirred for 24
h at RT. Finally, the gel was transferred in a 100 mL sealed PTFE
bottle and incubated for 96 h at 60 °C. After the incubation
period, the solid was recovered by means of Buchner filtration
and copiously washed with deionized water and ethanol to
remove the surfactant residues. The sample was then dried for 6
h at 70 °C and calcined at 600 °C for 6 h to remove the surfac-
tants (heating ramp of 2 °C min~" and a cooling ramp of 20 °C
min~"). At the end of the procedure, 0.98 g of material were
obtained. The sample was coded as RH-nanoMCM. A scheme of
the synthetic procedure of RH-nanoMCM is shown in Fig. 1.

2.3 Synthesis of MCM-41 nano

According to the procedure reported by Suzuki et al.,'* a nano-
metric-sized MCM-41 to be used as reference material was
synthesized from an alkoxysilane precursor. In this procedure,
2.6 g of CTAC and 2 g of Pluronic F127 were completely dis-
solved in 30 g of an HCI 0.3 N solution in a 250 mL round-
bottom flask. The solution was carefully stirred at RT until the
complete dissolution of the surfactants. Next, 3.75 mL of TEOS
were added dropwise and the solution was stirred for 3 h.
Subsequently, 3 g of ammonium hydroxide were added to the
previously prepared solution, that was stirred at RT for 24 h.
Finally, the gel was transferred in a 250 mL sealed PTFE bottle,
which was kept in an oven at 60 °C for 24 h. After the incubation
time, the gel was recovered through Buchner filtration and
copiously washed with deionized water and ethanol until the
removal of surfactants residues. The resulting solid was dried at
80 °C overnight. Finally, the material was calcined at 600 °C for
6 h, with a heating ramp of 2 °C min~" and a cooling ramp of 20

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphical representation of the main steps of the synthesis of RH-nanoMCM from rice husk.

°C min . At the end of the procedure, 0.88 g of material were
obtained. The sample was named MCM-41 nano.

2.4 Characterization methods

The PXRD patterns of the different materials were obtained with
a Bruker D8 advance diffractometer (Karlsruhe, Germany) with
Bragg-Brentano geometry, with Cu anode (A = 1.5418 A)
equipped with a Ni filter and operating at 40 kV and 40 mA. The
26 explored was of 10-50°, with 26 steps of 0.02°, 0.1 s per step
and automatic synchronization of the anti-scatter knife for the
rice husk ashes samples and of 0.8-10°, with 26 steps of 0.02°,
0.3 s per step and the anti-scatter knife fixed at 0.8 mm for the
MCM-41 and rice husk ashes samples.

The different TEM micrographs were obtained with a JEOL
JEM-3010 UHR TEM microscope (JEOL Ltd, Tokyo, Japan)
operating at an acceleration voltage of 300 kV. Prior to the
measurements, the samples were prepared by depositing the
powder over a lacey-carbon copper grid.

Solid-state NMR spectra were acquired on a Bruker Avance III
500 spectrometer and a wide bore 11.74 Tesla magnet with
operational frequencies for *°Si and 'H of 99.35 and 500.13
MHz, respectively. A 4 mm triple resonance probe with MAS
capabilities and zirconia rotors were employed in all the
experiments. The magnitude of radio frequency (RF) fields was
100 and 50 kHz for 'H and *°Si, respectively. For the "*C CPMAS
experiments, the magnetic fields vf of 55 and 28 kHz were used
for initial excitation and decoupling, respectively. During the CP
period the 'H RF field v} was ramped using 100 increments,
whereas the '*C RF field v$ was maintained at a constant level.
During the acquisition, the protons are decoupled from the
carbons by using a TPPM decoupling scheme. A moderate
ramped RF field v}f of 62 kHz was used for spin locking, while
the carbon RF field v was matched to obtain optimal signal and

© 2025 The Author(s). Published by the Royal Society of Chemistry

the CP contact time of 5 ms was used. The proton spin-lattice
relaxation time, T1, has been determined using saturation
recovery method. The relaxation delay between accumulations
was 60 and 5 s for 2°Si and 'H, respectively. All chemical shifts
are reported using ¢ scale and are externally referenced to tet-
ramethylsilane (TMS) at 0 ppm.

The FT-IR spectra of the different samples were obtained from
a Thermo Electron Corporation (Whaltham, MA, USA) FT Nicolet
5700 spectrometer with 4 cm ' resolution. The self-supported
pellets were prepared with a mechanical press at ca. 5 tons per g
and were placed into an IR cell with a KBr window, which was
permanently attached to a vacuum line (residual pressure <103
mbar). Prior to the measurements, the samples were treated at
beam temperature (35 °C) under vacuum (residual pressure <10 >
mbar) for 3 hours to remove residual traces of water.

Z-potential experiments were carried out on the different
materials by using a Malvern Zetasizer NanoZS (Malvern Pan-
alytical, Malvern, UK). Typically, 10 mg of powder were
dispersed in 10 mL of deionized water and a 0.01 mol L™* HCI
(37% w/w (Sigma Aldrich®)) solution and a 0.01 mol L™ NaOH
solution (Sigma Aldrich®) were used to vary the pH between 2 to
11. Each measurement was repeated three times in the same
conditions. A capillary cell (supplied with the Malvern instru-
ment) was used to carry out the Z potential measurements, and
a disposable Pasteur pipette was employed to fill up the cell.

The N, physisorption measurements between 10™* and 1 P/
P, at 77 K were performed using a Quantachrome Autosorb iQ2.
Prior to adsorption, the samples were outgassed and treated for
10 h at 150 °C, under vacuum. The specific surface area (SSA) of
the samples was determined by the Brunauer-Emmett-Teller
(BET) multipoint method while the pore size distributions was
obtained by applying the NLDFT method on the adsorption
branch of the isotherms (silicas and cylinder pore model).

RSC Adv, 2025, 15, 2545-2553 | 2547
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The rhodamine B adsorption was investigated through UV-
vis spectroscopy using a Lambda 900 UV-visible spectrometer
(PerkinElmer, Waltham, MA, USA). A calibration line was ob-
tained using five different rhodamine B standard solutions: 2.0
x1072,1.0 x 1072, 6.6 x 10>, 5.0 x 10> and 3.3 x 10> mmol
L', The obtained equation of the calibration line was: A =
101.6 x C with an R* of 0.9999. The different adsorption
measurements were performed at room temperature (ca. 25 °C)
placing 25 mg of adsorbent material in 20 mL of rhodamine B
solutions at different concentrations (2.0 x 10~%,1.0 x 10”2, 5.0
x 107% 2.5 x 107* and 1.2 x 10® mmol L") inside 50 mL
conical-bottom polypropylene centrifugation tubes (Corning®,
New York, USA), that were kept under stirring at 300 rpm using
a magnetic stirrer. After 20 min, the centrifugation tubes were
spun at 8000 rpm for 5 min and aliquots of about 3 mL of clear
rhodamine B solution were and introduced inside a quartz
cuvette to record the UV-vis spectrum. The same procedures
were performed three times for each mesoporous silicas after
a contact time of 20 min with the different rhodamine B solu-
tions and the standard deviations over three measurements
were obtained.

3 Results and discussion

A comparison of the properties of mesoporous silica samples
prepared from rice husk ashes (RH-nanoMCM) and TEOS
(MCM-41 nano), respectively, is done in the following starting
with the PXRD analysis (Fig. 2). Moreover, an extended physico-
chemical characterization of rice husk and rice husk ashes
before and after the acid treatment, along with the >°Si NMR
spectrum of the sodium silicate solution is reported in the ESI
(see Fig. S1-54%).

The RH-nanoMCM shows the presence of four different
reflections at ca. 2.3°, 3.7°, 4.2° and 5.8° 26, assigned to the
(100), (110), (200) and (210) planes, respectively. These reflec-
tions are due to a long-range ordered 2D hexagonal structure
with cylindrical pores, typical of MCM-41 materials.'®***°

—— RH-nanoMCM (b)
—— MCM+41 nano (a)

10000

Intensity [count]

20 [Degree]

Fig. 2 Low-angle PXRD patterns of MCM-41 nanometric (a) and RH-
nanoMCM (b).
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Fig. 3 TEM micrographs of RH-nanoMCM (frames A, A’) and of MCM-
41 nano (frames B, B') at magnifications of 800 00 x (top images) and 1
000 00x (bottom images).

Though the peaks are slightly larger, the PXRD pattern of RH-
nanoMCM is similar to that of the reference sample.

The TEM micrographs (Fig. 3) reveal that, thanks to the pres-
ence of F127 micelles, the particle growth of both RH-nanoMCM
and the nanometric MCM-41 samples has been limited at the
nanoscale level" (average diameter of about 20-30 nm).

As already reported, the nanoparticles are still characterized
by hexagonally ordered mesopores.

The structure of the silica framework was studied by >°Si MAS-
NMR spectroscopy (Fig. 4). The spectra of the RH-nanoMCM and
MCM-41 nano samples show three signals at —110, —100 and
—90 ppm, which are due to Q* [Si(0Si),], Q* [Si(OH)(0Si);] and Q*
[Si(OSi),(OH),] Si nuclei.**** These results suggested that the two
types of nano MCM-41 samples show a similar distribution of Si
sites within the mesoporous silica framework.

The textural properties of both RH-nanoMCM and nano
MCM-41 were studied by N, physisorption at 77 K. The
adsorption/desorption isotherms and the calculated NLDFT

-110 ppm
-100 ppm

-90 ppm

RH-nanoMCM f

MCM-41 nano ‘J

T T T 1
-50 -100 -150 ppm

Fig. 4 2°Si MAS NMR spectra of RH-nanoMCM and MCM-41 nano.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 N, adsorption—desorption isotherms at 77 K (frame A) and
NLDF pore size (frame B) of RH-nanoMCM (triangles) and MCM-41
nano (circles).

pore size distributions of both samples are shown in Fig. 5,
whereas the SSAggr and the pore volumes of the samples are
reported in Table 1.

Both materials show N, physisorption isotherms corre-
sponding to a IVa model of the IUPAC classification, typical of
mesoporous materials, i.e., when the gas condensation is
accompanied by hysteresis, that usually occurs in the presence
of pores wider than 40 A.3> The isotherm of the RH-nanoMCM
(Fig. 5A) is characterized by H1 and H3 hysteresis loops at ca.
0.35 and 0.9 P/P,, respectively.** H1 hysteresis loop, typical of
mesoporous materials with cylindrical pores (i.e., MCM-41), is
a strong indication of the presence of uniform mesopores, in
the case of the RH-nanoMCM sample the pore diameter is 42
A3 The H3 hysteresis loop is typically formed in presence of
large mesopores and/or macropores, arising from non-rigid
aggregates where gas condensation between nanometric-size
particles occurs.*> H1 hysteresis loop is missing in the N,
physisorption isotherm of MCM-41 nano because this sample
displays mesopores centred at 37 A. However, H3 hysteresis
loop was found at 0.8 P/P,. The thickness of the silicate walls of

Table 1 SSAget and pore volume of RH-nanoMCM and MCM-41 nano

View Article Online
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RH-nanoMCM and MCM-41 nano correspond to 3.3 A and 8.1 A,
respectively (for more details about the equations, vide ESI,
Paragraph S1%). The SSAggr of RH-nanoMCM corresponds to
1050 m* g ', whereas the reference material shows a SSAggy of
900 m* g~ '. RH-nanoMCM and MCM-41 nano are characterized
by a total pore volume of 1.66 and 1.68 cm® A" g™ *, respectively
(Table 1). The textural properties (i.e., SSAggr and pore volume)
of RH-nanoMCM are similar to those reported for this type of
materials (vide Table S3+).

3.1 Rhodamine B adsorption measurements

The adsorption capacity of RH-nanoMCM towards the cationic
dye rhodamine B in aqueous phase has been investigated by
means of UV-vis spectroscopy (vide Materials and method
section). The rhodamine B removal capacity of the mesoporous
silicas, after a contact time of 20 min with dye solutions at
different initial concentrations, is reported in Fig. 6.

RH-nanoMCM showed a removal capacity higher than the
92% for dye solutions of 2.0 x 1072,1.0 x 102, 5.0 x 10~ mmol
L', whereas at lower initial RhB concentrations (i.e., 2.5 x 10>
and 1.2 x 10> mmol L"), the adsorption capacity of RH-
nanoMCM was found above 85%. This result might be related to
the higher driving force of the mass transfer process from the
aqueous solution to the surface of the adsorbent at higher dye
concentration.>*¢ No significant differences could be observed
between the removal capacity of RH-nanoMCM and MCM-41
nano (Fig. 6). The understanding of the nature of the non-cova-
lent host-guest interactions between the adsorbate molecules
and the surface of the adsorbent is relevant for the optimization
of the adsorption processes.>”*® Rasalingam et al.*” described the
electrostatic interactions between the positively charged rhoda-
mine B molecules and the negatively charged silanoates groups
(Si-O7) on a silica surface, along with the possible occurrence of
hydrogen bonds between the silanols (Si-OH)/silanoates (Si-O™)
and the carboxylate (COO™)/carboxyl (COOH) groups of the dye
molecules. However, to the best of our knowledge, an in-depth
study on the nature of these interactions is still lacking. Thus, in
this work, we tried to fill this gap by carefully investigating the
non-covalent interactions at play between the guest organic
molecules and host material through 'H and **C NMR spec-
troscopy®” and FT-IR spectroscopy.

3.2 Study of the interactions between RH-nanoMCM and
rhodamine B molecules

Fig. 7 reports the "H MAS NMR spectra of the dehydrated RH-
nanoMCM, (ie., the spectrum of the pristine sample treated
under vacuum (residual pressure below 10~° mbar) at room

Pore volume [em® A~ g™]

SSAggr [m? g7 '] Vinicro [<20 A] Vineso [20-500 A] Vimacro [>500 A] Veot
RH-nanoMCM 1050 — 1.57 0.09 1.66
MCM-41 nano 900 — 1.35 0.33 1.68

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Rhodamine B removal percentages after a contact time of 20
min with RH-nanoMCM (triangles) and MCM-41 nano (circles). The
initial RhB concentrations are 2.0 x 1072, 1.0 x 1072,5.0 x 1073, 2.5 x
1073 and 1.2 x 107 mmol L™t The error bars represent the standard
deviations over three measurements.
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temperature for 3 hours) (Fig. 7A(a)), of the pristine RH-
nanoMCM + RhB (i.e., the spectrum of the sample after the
rhodamine B adsorption, before the vacuum treatment)
(Fig. 7A(b)) and of the dehydrated RH-nanoMCM + RhB (i.e., the
spectrum of the sample after the rhodamine B adsorption
treated under vacuum (residual pressure below 10> mbar) at
room temperature for 3 hours) (Fig. 7A(c)). The **C CPMAS NMR
spectrum of RH-nanoMCM + RhB (ie., the spectrum of the
sample after the rhodamine B adsorption treated under vacuum
(residual pressure below 10> mbar) at room temperature for 3
hours) is reported in Fig. 7B.

In the "H MAS NMR spectrum of dehydrated RH-nanoMCM
(Fig. 7A(a)) there are two visible contributions: one narrow peak
at 1.8 ppm and a broad shoulder at 2-5 ppm. The former is due
to isolated silanols while the latter is associated to hydrogen-
bonded silanols.®® The "H MAS NMR spectra of pristine and
dehydrated RH-nanoMCM + RhB are shown in Fig. 7A, spectra
b and c, respectively. Both the spectra predominantly comprise
of contributions from rhodamine B aliphatic protons of CH;
and CH, moieties at ca. 1 and 3.5 ppm, respectively, and
aromatic protons at ca. 7.5 ppm.* Moreover, the spectrum of

SiOH,,

H,c\l r Hs
CH;

HiC N O“/ g\/
al

COOH

H,0

T
200

I I
150 100 50 ppm

Fig. 7 H MAS NMR (A) spectra of RH-nanoMCM after dehydration (a) and of RH-nanoMCM + RhB before (b) and after (c) dehydration. :*C
CPMAS NMR (B) spectrum of RH-nanoMCM + RhB. Inset shows the molecular structure of RhB. * spinning sidebands.

2550 | RSC Adv, 2025, 15, 2545-2553

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07152b

Open Access Article. Published on 24 January 2025. Downloaded on 4/21/2026 10:06:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the pristine RH-nanoMCM + RhB shows the presence of the
proton peak of physisorbed water at 3.9 ppm.

Interestingly, isolated silanol peak is absent in the spectrum
of the pristine RH-nanoMCM + RhB (Fig. 7A(b)). Upon dehy-
dration, the peak at 3.9 ppm due to water, disappears while the
peak of isolated silanols reappear. Therefore, it is assumed that
the protons of silanols are in rapid exchange with water protons
in the pristine RH-nanoMCM + RhB sample. On the other hand,
silanols peak at 1.8 ppm in dehydrated RH-nanoMCM + RhB is
broader than in RH-nanoMCM. This may be due to the exis-
tence of host-guest non-covalent interactions associated to RhB
and silica.

In a host-guest system, 'H relaxation is governed mainly by
the "H-"H dipolar interactions. On the other hand, molecular
motions are responsible for the averaging out of anisotropic
homonuclear dipolar interactions. In RH-nanoMCM + RhB
system, guest dynamics are associated to molecular motions
such as molecular tumbling, methyl group rotations, aromatic
ring flips, etc., which will reflect on the NMR spin-lattice relax-
ation time value, T; as well as on the spectral line widths. The
proton T; values, determined using saturation recovery method,
shows a significant difference between guest-free and host-
guest systems. The 'H spin-lattice relaxation time of isolated
silanols was determined to be 450 ms for the guest-free system
(i.e., without rhodamine B) and 250 ms for the host-guest
system (i.e., with rhodamine B). The decrease in the T; value of
the proton of isolated silanols for dehydrated RH-nanoMCM +
RhB system is mainly due to the relaxation enhancement
generated by the 'H-"H dipolar interactions between rhoda-
mine B and silanols. However, the absence of sharp peaks and
the low resolution of the dehydrated RH-nanoMCM + RhB
spectrum (Fig. 7A(c)) indicate the noncomplete averaging of the
strong homonuclear "H-'"H dipolar interactions. This imply
that rhodamine B is experiencing strong interactions inside the
mesopores of silica either in the form of guest-guest or host-
guest interactions.

The evidence for the rigid nature of rhodamine B molecules
within the silica mesopores is also derived from the **C CPMAS
NMR data (Fig. 7B). The effectiveness of the CPMAS technique
depends on the successful magnetization transfer between
abundant spins (*H) and dilute spins (**C) facilitated by heter-
onuclear dipolar couplings.® The relatively higher intensity of
the rhodamine B '*C signals with short cross polarization
contact time (5 ms) can be attributed to the rigid binding of
guest molecules to the silica surface.** Such bindings can occur
either due to electrostatic interactions or non-covalent interac-
tions (both H-bondings and van der Waals dispersion
forces).””*"** These interactions are feasible in the RH-
nanoMCM + RhB systems and can be attributed to the chemical
nature of rhodamine B and the morphological landscape of
mesoporous silica (ie., silanols, H-bonded silanols, silanol
nests etc.). In fact, the results of Z potential analyses in water
(vide Fig. S51) reveal that the surface of both RH-nanoMCM and
MCM-41 nano is negatively charged, allowing electrostatic
interactions with the positively charged zwitterionic rhodamine
B molecules.””**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 FT-IR spectrum of RH-nanoMCM (a) and of RH-nanoMCM after
the adsorption of rhodamine B (b). Prior to the adsorption measure-
ments, the pellets were treated under vacuum (residual pressure
below 10~° mbar) at beam temperature (35 °C) for 3 hours.

The FT-IR spectra of the RH-nanoMCM and of RH-
nanoMCM + RhB are reported in Fig. 8.

The spectrum of RH-nanoMCM (Fig. 8a) is dominated by
a sharp signal at 3740 cm ™" due to isolated silanols and the
broad band at ca. 3500 cm ™' can be attributed to the mutually
H-bonded Si-OH groups.'** As already observed from the MAS
NMR measurements, after the adsorption of rhodamine B
molecules, the signal of silanols is broader due to the occur-
rence of host-guest non-covalent interactions between rhoda-
mine B and silica surface. In detail, a new band at 3643 cm™*
which could be related to the Si-OH groups in interaction with
the dye molecules was formed and, consequently, the peak of
isolated silanols at 3740 cm™' appears less intense in the
spectrum of RH-nanoMCM + RhB (Fig. 8b). The signals at 3100
and 3069 cm ™! are related to the stretching modes of aromatic
C-H groups, whereas the peaks at 2980, 2931, 2880 and 2855
cm ™' can be attributed to the asymmetric and symmetric
stretching modes of C-H bonds of the aliphatic CH; moieties of
rhodamine B.*

4 Conclusions

A synthetic procedure to obtain nanometric MCM-41 meso-
porous silicas from alternative silicon sources has been pre-
sented. Biogenic silica obtained from rice husk was successfully
employed, in addition with two surfactants, CTABr and Pluronic
F127, for the synthesis of nanometric MCM-41 (RH-nanoMCM).
The particle size was assessed via TEM microscopy confirming
the nanometric nature, below 30 nm, of the obtained material.
PXRD analysis indicates that the long order structure of the
material is the classic hexagonal pore arrangement typical of
the MCM-41. The textural properties, assessed via N, phys-
isorption analysis at 77 K, are also in line with those found for
the MCM-41 obtained using the classic nanometric synthetic
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procedure found in the literature (MCM-41 nano). Both RH-
nanoMCM and MCM-41 nano showed similar adsorption
capacities of rhodamine B, which was selected as representative
of cationic aromatic dyes. The removal of rhodamine B from
aqueous solutions was carried out at different concentrations,
namely at 2.0 x 1072, 1.0 x 1072, 5.0 x 103, 2.5 x 10~ % and 1.2
x 107* mmol L', The adsorption capacity, evaluated after 20
minutes of contact time, was assessed at 85 to 92% of the initial
dye concentration. Finally, though the contribution of van der
Waals dispersion forces is relevant, the results of the NMR and
FT-IR studies reveal that silanols groups on the surface of the
adsorbent act as adsorption sites for the RhB molecules. This
could be corroborated by the decrease in the T, value for RH-
nanoMCM + RhB due to the relaxation enhancement generated
by the "H-'H dipolar interactions between RhB and silanols.
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