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A simple one-pot synthesis process for functionalized mesostructured silica nanoparticles (MSNP) is reported.
The novel process demonstrated the possibility to achieve MSNP with a surface area up to 501 m2.g~" using a
phosphonate based nonsilane precursor such as N, N'-bis[4,6-bis(diethylphosphono)-1,3,5-triazin-yl]-1,2-
diaminoethane (ED). MSNP obtained by using 20 mol% of ED achieved a surface area of 80 m2.g ! and increasing
the ED content to 30 mol% resulted in a surface area of 501 m?.g ™. Zeta potential of novel MSNPs (—65.5
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and 70.0 mV) were much higher than the nanoparticle (NP) prepared from only TEOS (—49 mV), indicating
the presence of a large number of -SiOH and phosphonic acid surface functional groups, as confirmed by
Fourier-transform infrared spectroscopy (FT-IR) and Nuclear magnetic resonance (NMR) analysis. The function-
alized MSNPs were used as an adsorbent for the removal of cationic pollutants like methylene blue (MB). The
MSNP with the highest porosity displayed favorable MB adsorption behavior with ~380 mg.g " of MB adsorption
capacity. Facile regeneration in an acidic medium (~pH 4.5) with easy recyclability (10 cycles) confirmed the

practical applicability of this novel functionalized MSNPs.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Degradation-resistant dyes present in industrial effluents accumu-
late in water bodies and have the potential to cause irreversible dam-
age to aquatic ecosystems and also pose a serious threat to human
health. For example, high doses of accumulated methylene blue
(MB) in water can cause anemia, breathing difficulties, and nausea
[1]. Removing these pollutants from water by adsorption is a viable
and safer option of pollution control, unlike oxidation or degradation
methods, where degradation product of these dyes can lead to sec-
ondary pollution. Thus, several adsorbents have been designed for ef-
ficient removal of the MB and similar cationic pollutants [2-9]. The
use of functionalized hydrogels [3,4], carbon-based adsorbents [5],
and mesoporous silica nanoparticles (MSNs) [6,7,10] are extensively
investigated because of their high adsorption capacity. Recently adsor-
bents designed from agricultural wastes have gained interest due to
their low cost, although their low adsorption capacity makes them un-
attractive for commercial exploitation [11,12]. Among adsorbents,
MSNs have attracted a lot of attention, owing to their docile nature,
high stability, and potential applications in the field of drug delivery
[13,14], bio-molecule delivery [15,16], bioimaging [15], and many
more areas [17-20].

Even though MSNs are promising candidates in many fields, their
preparation is mainly template-directed methods of silane precursors
followed by template removal to achieve porosity [21-23]. Ideally,
detemplating should ensure unblocked pores with a large number of
silanol (-SiOH) groups. Calcination is considered an effective method
of detemplatation to achieve the final porosity. However, high temper-
ature (500-600 °C) during calcination leads to the destruction of -SiOH
groups due to thermal condensation and resulting in an inert mesopo-
rous surface [24]. Besides, calcination can result in structural shrinkage,
agglomeration, and loss in porosity. To avoid agglomeration and main-
tain the surface -SiOH groups, detemplatation via dissolution using an
organic solvent [25] or supercritical fluid [26] is followed. The use of rel-
atively lower temperature in the dissolution method makes it more
suitable for synthsis of co-condensed MSNs with organic functionalities.
However, complete removal of templates by dissolution is quite chal-
lenging and can take several days [27].

Only a few templateless synthesis methods are reported in the liter-
ature for preparation of MSNs. In one such method, nano aggregate of
poly(N-isopropylacrylamide) (PNIPAm) above its LCST temperature
was used as a template for condensation of TEOS [28]. Later, lowering
the temperature below LCST made PNIPAm water-soluble and was

Materials and Design 201 (2021) 109494

easily removed from the silica nanoparticles to achieve porosity. MSN
obtained by this method displayed low porosity (245 m?.g~!) and the
method was found to be unsuccessful in presence of thermoresponsive
polymers like poly(vinyl methyl ether). On the other hand, reported
template-free methods produced aggregated mesoporous silica with
high porosity (537 mg.g~') [29]. Though both these methods are tem-
plate free, low porosity [28] and morphoplogy (aggregated) of the ma-
terial produced [29] ultimately limit their application.

To address aforementioned challenges, this work reports a single-
step template free route for preparation of functionalized
mesostructured silica nanoparticles (MSNPs) via co-condensation of
tetraethyl orthosilicate (TEOS) and a non-silane precursor like N,N"-bis
[4,6-bis(diethylphosphono)-1,3,5-triazin-yl]-1,2-diaminoethane (ED,
Fig. 1b) [30]. Phosphonate groups in ED prevent a sudden change in
pH of the reaction medium. Upon hydrolysis of phosphonate groups
under strong alkaline conditions generates multiple phosphonic acid
groups (Fig. S3c) which increases the possibility of ED-TEOS co-
condensation to form Si-O-P hybrid networks and eventually MSNPs.
Formation of MSNPs was confirmed by Electron microscopy, nitrogen
adsorption, and Small-angle X-ray scattering (SAXS) analysis. The inclu-
sion of ED in Si-O-Si network and generation of functional
mesostructured surface with silanol (-SiOH) and phosphonic acid func-
tionalities was confirmed by nuclear magnetic resonance (NMR) and
fourier-transform infrared spectroscopy (FT-IR). Then, decontamination
of water by removing cationic pollutants like methylene blue was dem-
onstrated using MSNP as an adsorbent. Apart from pollution control,
phosphonic acid functionalized MSNs are used as proton exchange
membranes [31,32], active bio-molecule carrier systems [33]. Addition-
ally, materials containing silica and phosphorous hybrid are kown for
their impoved flame ratardancy [34-36].

2. Materials and methods
2.1. Materials

TEOS (99%), NaOH, ethanol (99.8%), diethyl ether (99%), MB, Congo
Red (CR), and Brilliant Blue were purchased from Sigma-Aldrich and
used as received. N,N"-Bis[4,6-bis(diethylphosphono)-1,3,5-triazin-yl]-
1,2-diaminoethane (ED) was synthesized following the procedure
given in supplementary information (SI, Fig. S1) [30]. Preliminary
in vitro cytotoxicity assessment indicates that ED does not pose a risk
for human cells (see Sec. S1.3 for detail).
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Fig. 1. Schematic representation showing (a) condensation of TEOS and (b) co-condensation of TEOS-hydrolyzed ED and creating structural defects in Si-O-Si network with phosphonic

acid functionality. (c) Procedure for silica nanoparticle synthesis using different loading of ED.
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2.2. Synthesis of silica NPs

Silica NPs were synthesized following a modified reported protocol
[37,38] using TEOS and ED as precursors (Fig. 1c, Table 1). Typically, a
freshly prepared solution of ED and TEOS in 6 mL of ethanol was
added dropwise for 1 min to an H,0-ethanol mixture (54 mL, 1.25:1)
with the required quantity of NaOH (at 25 °C and 800 rpm). After 2 h
of reaction time, 40 mL of diethyl ether was added to the mixture
under stirring and centrifuged for 10 min at 7000 rpm to isolate NPs.
15 mL of ethanol-H,0 mixture was added to the collected particles
and samples were sonicated for 15 min and stirred for 30 more minutes.
Then, MSNPs were recovered by centrifugation and washing in ethanol-
H,0 mixture was repeated four times to ensure removal of unreacted
precursors. Finally, collected NPs were dried under vacuum at 75 °C
for 48 h.

2.3. Characterization

NMR spectra of ED and hydrolyzed ED were recorded on a Bruker
Advance 111 400 NMR spectrometer (Sec. $1.2). For Solid-state >'P CP-
MAS NMR analysis, a 4 mm CP-MAS probe with 4 mm zirconia rotor
was used. 3'P CP-MAS NMR spectra were recorded at 162.0 MHz using
3.5 ps 90° excitation pulse on 1H channel and 2 ms contact time. Reso-
nance of solid NH4H,PO,4 (0.0 ppm) was used as reference and calcula-
tion was performed by Gaussian 09 software. The geometries were
optimized at the B3LYP level using a 6-31 + G* basis set in gas phase.
Chemical shifts were calculated by GIAO method and values are re-
ported relative to H3PO4 (0.00 ppm).

FT-IR spectra were recorded in a Bruker FT-IR (Tensor 27,
Switzerland), under transmission mode using MSN-KBr pallets and an-
alyzing by OPUS™ 7.2 software.

Scanning electron microscopic (SEM) images were recorded on a
Hitachi S-4800 SEM operating at 20 kV. Before SEM analysis, NP disper-
sion in ethanol was casted on a silicon wafer and dried for 4 h under the
atmospheric condition, and coated with 7 nm Au/Pd coating.

TEM analysis was carried out in TEM, JEOL JEM2200fs microscope
operating at 200 kV. For TEM analysis, the sample was prepared by put-
ting a drop of NP dispersion (0.5 mg in 1 mL ethanol) on a Lacey carbon
copper TEM grid and dried overnight under atmospheric conditions.

¢-potentials of NPs dispersed in water (pH 7, sonicated 2 min) was
measured at 25 °C by a Malvern Zetasizer ZS equipment using DTS 1070
folded capillary cells.

N, adsorption and desorption isotherms were recorded at 77 K on
a TriFlex N, sorption analyzer (Micromeritics, US) with 15 s equilibra-
tion after degassing for 20 h at 75 °C and 1.33 mbar. The specific surface
areas (SBET, uncertainty ~20 m2g~') were obtained by using
Brunauer-Emmett-Teller (BET) method [39], and the pore volume
(Vgyu) and average pore size (Dgjy) was estimated via Barrett-Joyner—
Halender (BJH) model [40].

Small-angle X-ray scattering (SAXS) analyses were performed on a
Nanostar (Bruker AXS GmbH) with a 2D Xe-based gaseous avalanche
detector (VANTEC-2000). A micro-focused Cu-Kow X-ray (N =
0.154 nm) with Montel optics and two-pinhole collimation provided a
beam diameter of ~400 um. A resolvable scattering vector of
0.09-3.2 nm~ ! was achieved at 67 cm sample-detector distance and
the transmission signal recorded with the help of a homemade

Table 1
TEOS, ED, and NaOH used for the preparation of silica nanoparticles.

Entry TEOS(g) ED(g) ED/TEOS molarratio NaOH (mg) Sample name
1 1.12 0 0 42 0Si0,
2 1.12 0.82 0.2 42,60,72,78 1Si0,
3 1.12 1.23 03 90,105,110  2SiO,
4 1.12 1.64 0.4 110,117,125 3Si0,
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beam-stop was used for background subtraction. Quartz capillaries (2
1.5 mm, ~10 pm wall, Hilgenberg GmbH, Germany) with NPs were
placed in the sample chamber under ~10~2 mbar vacuum to reduce
the scattering due to air, and Silver behenate was used for calibration.
1D radial profiles were extracted from DIFRACEVA software (Bruker
AXS, Germany). The scattering patterns were simulated using a model
with the Porod function and the Guinier approximation. The former
simulates the scattering from large polydisperse NPs (>100 nm) while
the latter takes into account the scattering from small particles (herein
the pores). The total scattering function is given in Eq. (1), where, a, R,
and b are the Porod slope, radius of gyration of the pores, and a back-
ground correction constant respectively.

I(q) = — + exp <_‘132R2> +b 1)

Elemental analysis of the nanoparticles was done using the induc-
tively coupled plasma optical emission spectrometry (ICP-OES), on a
5110 ICP-OES apparatus (Agilent Switzerland AG, Basel). Prior to analy-
sis, ~15 mg of NPs were dissolved in 3 mL HNO5 using a microwave.

MB adsorption was carried out by putting 30 mg of MSNPs in
3 mL MB solutions (200 rpm, 25 °C, pH 7) and stirring for desired
time. Then, MSNPs were isolated by centrifugation (7500 rpm, 1 min)
and UV-vis intensity of residual MB (at 665 nm) was recorded by a
Cary 50 BIO UV-vis spectrophotometer after required dilution. Concen-
tration of MB was determined by using the MB calibration curve
(Fig. S12) and adsorption characteristics were studied by Langmuir
[41] and Freundlich isotherms [42]. For MB release study, MB containing
NPs (5 mg) were dispersed in 25 mL of water (200 rpm, at 25 °C) and
MB release was monitored using a UV-vis spectrophotometer.

3. Result and discussion

Solid silica NPs synthesized from TEOS (1.12 g, 90 mmol/L) and
NaOH (42 mg, 18.0 mmol/L) achieved a uniform size of 401 + 21 nm
(0Si0,, Fig. 2a) [37,38]. On the contrary, no NPs wereformed at the
same NaOH concentration in presence of ED (20.0 mol%). It can be at-
tributed to the rapid decrease in pH of the medium (Fig. S10) due to
the formation of phosphonic acid groups after hydrolysis of ED. Follow-
ing which, a higher concentration of NaOH was used (Table 1) and the
yield of NPs (1Si0,) increased (Table S1). At 72 mg of NaOH in 60 mL
of the mixture, 15i0, NPs with rough surfaces were formed (Fig. 2b,
S5b). Further increasing the NaOH concentration resulted in an exten-
sive cluster formation with a decrease in the surface roughness
(Fig. S5c).

With the increase in the ED loading to 30 mol%, a higher NaOH con-
centration was required for synthesis of NP. 105 mg of NaOH in 60 mL of
ethanol-H,0 mixture achieved cluster free NPs with rough surface
(2Si0,, Fig. 2c and Fig. S6a, b). Increasing the NaOH concentration fur-
ther, clusters with decreased surface roughness were obtained. Addi-
tionally, on increasing the ED loading to 40 mol% (3Si0-), very small
NPs (Fig. S7a) and two different particle population (Fig. S7b) with a
very low yield were obtained (Table S1). An attempt to improve the
yield by increasing NaOH concentration (125 mg, Table 1) led to cluster
formation (Fig. S7). It is clear from these observations that at higher
NaOH concentration, TEOS condensation is faster than ED-TEOS co-
condensation. This leads to clusters formation with a smoother surface
resembling 0SiO,. Small particle size of 3Si0, can be challenge for re-
covery and reuse. Additionally, uncontrolled particle growth and low
yield of 3Si0, can limit its applictions. Therefore, 3Si0, was not consid-
ered for further study.
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Fig. 2. SEM image and size histogram of (a) 0SiO,, (b) 1Si0, and (c) 2SiO, NPs,

3.1. Physical characterization of nanoparticles

Although the condition mentioned in entry 2 (72 mg NaOH) and
entry 3 (105 mg NaOH) of Table 1 achieved the highest quantity of clus-
ter free silica NPs, the overall yield remains lower than 0SiO, (Table S1).
~9% of 1Si0, NPs have a hole in the center (Fig. 2b) and no such particles
were formed in the case of 2Si0, (Fig. 2c). The average size of NPs de-
creased with an increase in the concentration of ED (Fig. S6d ). TEM anal-
ysis of 1Si0, revealed the presence of a darker core and lighter shell of
few nanometers (Fig. 3a), indicating a denser core. On the other hand,
the TEM image of 2Si0, was uniform without any sign of density change
within NPs (Fig. 3b).

N, sorption measurements of the 0Si0, showed a type Il isotherm
without hysteresis, and a low surface area of 22 m2.g ™!, indicating its
nonporous nature (Fig. 3¢). 1Si0, showed a type IV isotherm with H4
hysteresis, highlighting the presence of both meso- and micro-pores
(pore width ~ 5.5 nm) with a surface area and BJH pore volume of 80
m2g~'and 0.13 cm>.g ! respectively (Fig. 3d, S8a). In 2Si0,, significant
improvement in porosity and a type IV isotherm with H1 hysteresis was

TEM, 1Si0,

100 nm

observed (Fig. 3e), indicating a homogeneous mesoporous structure
(pore size ~7 nm, Fig. S8). 2Si0, also displayed a high surface area of
501 m2.g~ ! and BJH volume of 0.74 cm>.g ™! (Table 2).

Unlike template-directed MSNs [43,44], no pore boundaries were
observed during TEM analysis of 28i0, despite high porosity (501 m2.
¢~ 1), indicating a random pore orientation. SEM analysis of ball-
milled 2Si0, confirmed the presence of randomly interconnected
pores formed due to aggregation of nano-domains of ~6 nm (Fig. S9)
and similar observation can also be found in the literature [28]. In SEM
image of ball-milled 1Si0,, flaking-off of the porous layer from the top
exposed a denser core (Fig. S9a), which is in agreement with the TEM
analysis (Fig. 3a).

To confirm the role of ED on the porosity of MSNPs, SAXS experi-
ments were carried out. The 0SiO, demonstrated a decay in the inten-
sity over g-range of 0.09 nm~"' and 0.5 nm~! (Fig. 4a). This decay is
simulated using the only first part of the Eq. (1) (1/q%) to deduce the
Porod exponent. Porod decay rate of nearly —4 indicates a smooth sur-
face of 0Si0,. The increase in surface roughness leads to high fluctua-
tions in lateral electron density profiles and deviates from the decay
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Fig. 3. TEM image of (a) 1Si0, and (b) 2Si0,. N, adsorption-desorption isotherm of (c) 0SiO,, (d) 1Si0, and (e) 2Si0,.
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Table 2
Composition and properties of silica NPs synthesized.
Sample BET Pore BET SAXS “P-content  {-potential
area volume pore pore (%) (mV)
(m%2g~") (cm’. size size
g (nm) (nm)
0Si0, 22 0.05 - - - —49.0
1Si0, 81 0.13 5.5 25 0.12 —65.5
25i0, 501 0.75 6.5 11.5 0.70 —70.0

¢ Phosphorous content (P-content) determined by ICP-OES analysis.

rate of —4. For extremely rough surfaces, an exponent close to —3 can
be obtained [45]. A decrease in Porod exponent for 1Si0, and 2Si0,
(Fig. 4) is the signature for higher surface roughness and agrees with
SEM observation (Fig. 2). The scattering from 1Si0, and 2Si0- displayed
a broad hump at a high q region (arrow in Fig. 4b, c), and its intensity
increased with the increase in ED concentration. This hump also
moved towards lower scattering angles for 2Si0,. These observations
indicate the growth of pores size within MSNPs. Pore size determined
using the Guinier approximation (Eq. (1), exp (—q°R?/3)) was found
to be 2.2 and 11.3 nm for 1Si0, and 2Si0, respectively (Table 2). This
implies that ED influences the surface morphology and porosity. Similar
findings have also been reported for other morphogenic agents used in
MSN preparation [46].

To confirm the incorporation of ED into NPs, P-content of 1Si0, and
2Si0, was determined by ICP-OES analysis. P-content in 1SiO, (0.1%)
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and 2Si0, (0.7%) are lower than the calculated value of ~13.0
and ~15.5% for 1Si0, and 2Si0, respectively. It can be attributed to the
slow co-condensation of ED-TEOS compared to the condensation of
only TEOS and partial hydrolysis of Si-O-P link [47]. Although there
was a difference in P-content and porosity between 1Si0, and 2Si05,
¢-potential of both MSNPs were similar (—65.5 and —70.0 mV,
Fig. 5a) and higher than 0SiO, (—49 mV), indicating the presence of
similar functionality (-SiOH and -PO(OH),) on both the MSNPs.

3.2. Chemical characterization of NPs

As mentioned earlier, P-content and porosity of 1Si0, were low as
compared to 2Si0, (Table 2)  Therefore, 1Si0, was excluded from fur-
ther detailed study. In the FT-IR spectra of both 0SiO, and 2Si0,
(Fig. 5b), intense bands of Si-O-Si skeleton (1088 cm™!) and Si-O-Si
bending vibration (799 cm™') were observed [23,48]. The appearance
of a shoulder around 1200 cm ™! in the case of 25i0, can be attributed
to P=0 groups [49,50]. Moreover, the intensity of the peak for -SiOH
symmetric stretching (961 cm™') was found to be higher in 25i0,
[51]. The increased intensity of the band at 1635 cm ™! can be attributed
to the adsorption of H,O by P=0 functionality in 2Si0, via H-bonding
[23,48]. The broad shape of this band can arise due to overlapping
of the band at 1635 cm™! arising from -NH of ED [52,53]. The com-
bined effect of absorbed H,O by P=O0 functionality and a higher
number of -SiOH significantly increased the intensity of the band
at 3000-3700 cm™! [48,54]. These FT-IR observations highlight the
incorporation of ED in the Si-O-Si network.

10° 10°
3 3 E
S S ©
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- 4 + selected for fit X
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o — I-total \
101 10° 10" 10° 101 10°
q [nm] q [nm] q [nm]

Fig. 4. SAXS patterns and corresponding simulated curves shown for (a) 0SiO,, (b) 1Si0, (c) 2Si0,. Porod slope and radius of gyration was calculated using Eq. (1) and are given in Fig. S8c
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Fig. 5. (a) ¢-potential of 0SiO, and hybrid MSNPs determined in water at pH 7 and 25 °C. (b) FT-IR spectra of 0SiO, and 2SiO, showing chemical changes after inclusion of ED.
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295i NMR spectra of both 0Si0 and 2Si0, showed the presence of Q4
and Qs peak (Fig. 6a) [55,56]. However, the intensity of the Qs peak was
higher in the case of 2Si0, along with a new peak of Q, (Fig. 6a). Higher
amount of Qz and Q- in 28i0, can be due to the disruption in Si-O-Si net-
work during the inclusion of ED. It was difficult to resolve Si-O-P signals
that appear between —110 to —120 ppm [55,56], possibly due to the
lower number of Si-O-P links compared to Q4 and Qs.

To get more information, 3'P CP-MAS solid NMR spectra (15
and —10 ppm) was deconvoluted and six resonances were observed
(Fig. 6b). 3'P CP-MAS NMR chemical shifts have been simulated using
GIAO method according to the change in the chemical environment
around the phosphonate groups at each side of the organic precursor
(Fig. 6¢) [30]. The chemical shift at 4.8 ppm is due to the monodentate
binding and at 2.67 ppm is associated with the physiosorption of
-P(0)(OH), groups with -SiOH. This explains the presence of the Q,
peak in 2Si0, compared to 0SiO, (Fig. 6a). That's to say, the hydrolysis
of the phosphoester forms the phosphonic acid, which can be
physiosorbed to the -SiOH group, mitigating the transformation of Q.
to Qs and Qs to Qq4. The resonance at 11.1 ppm is assigned to the pres-
ence of two bidentate bindings on the same side. The resonance at
8.4 ppm can be attributed to bidentate binding of the phosphonate
group, which is present next to a physiosorption mode of binding. The
NMR resonances between —0.71 to —5.5 ppm are attributed to the
overlapping of physiosorbed -P(O)OH on the same side of bonded
phosphonate to -SiOH. Unhydrolyzed phosphoester also appears within
the same region.

3.3. Mechanism of MSNP formation

Based on the different analysis, a simplified mechanism of MSNP for-
mation is proposed in Fig. 7. The presence of very small primary parti-
cles (PP) of ~6 4+ 1 nm size (Fig. S9) observed during SEM analysis
were formed in Stage-2, right after the hydrolysis and condensation of
precursors in a highly alkaline medium (Stage-1). High alkalinity at
Stage-1 facilitates the hydrolysis and co-condensation of ED with TEOS
(Fig. S10). However, incomplete hydrolysis of ED results in the presence
of a small fraction of residual phosphoester groups in the final 2Si0,,
which is confirmed by NMR analysis (Fig. 6b) [57]. A higher concentra-
tion of ED and NaOH during the synthesis of 2Si0, (Table 1) led to a

»SiNMR ()

50 70 -90 110 -130 -150
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higher ED incorporation in the PPs, which is reflected in the measured
P-content of 2Si0,.

The initial stage marked by the rapid decrease in pH in the case of
1Si0,, 2Si0, compared to 0SiO, is attributed to the hydrolysis of
phosphoester of ED to phosphonic acid (Fig. S10) and decrease in the
co-condensation rate of ED-TEOS. The pH of the medium remains high
enough for TEOS condensation which leads to the formation of second-
ary particles by aggregation of PPs (Fig. 7) [28,58]. Low ED content in
PPs and a higher pH at Stage-1 of 1Si0, synthesis results in compact sec-
ondary particles by incorporation of a higher amount of TEOS (Stage-3).
Conversely, a higher amount of ED in PPs and a lower pH of the medium
in the case of 2Si0, prevented the formation of compact secondary par-
ticles. The size of the secondary particles grew via the incorporation of
the PPs. However, lowering the pH due to the formation of phosphonic
acid group results in a more open and porous structure (Stage-4). This
difference in TEOS condensation in 1Si0, synthesis is visible as a denser
core during TEM analysis (Fig. 3a). On the contrary, low incorporation of
TEOS Stage-3 and 4 produces porous 2Si0, (Fig. 3e). The removal of co-
condensed ED due to partial hydrolysis of Si-O-P bond [47] during syn-
thesis also improves the porosity of 2Si0O to achieve a surface area of
501 m%g ™. Alower pH during the synthesis of 2Si0, (Fig. S10) reduces
the amount of of PPs that can be incorporated, which ultimately de-
creases the size of 2Si0, compared to 1Si0, (Fig. 2).

3.4. Dye removal from water

High surface area with-SiOH and -PO(OH), functionalities make
2Si0, an ideal adsorbent. Hence, the adsorption behavior of 2Si0, was
investigated using pollutants like CR, BB, and MB (Fig. 8). Equilibrium
adsorption of CR was low (10%, Fig. S11a), due to competing CR-2Si0,,
and CR-H,O0 interactions (Fig. S11d). Higher adsorption of BB (~38%,
Fig. S11b) is the result of slightly stronger BB-2Si0, interaction, owing
to more number of amino groups than sulfonic acid groups in BB
(Fig. S11e). Nearly complete adsorption of MB within 10 min (Fig. 8c,
S11c) is due to the strong interaction between MB with -PO(OH), and
-SiOH groups (Fig. S11f).

Considering a fast adsorption of MB by 2Si0,, detailed adsorption
study was carried out (Fig. 8d, e) to predict MB distribution between
H,0 or solid phase (2Si0,) using Langmuir [41] and Freundlich models

1P NMR (b)

2Si0, (deconvoluted)

25 20 15 10 5 0 -5 -10 -15 -20

ppm ppm
) =423 (C)
0 .23 ppm 0=-0.78 ppm 0 =7.07 ppm;
¥ 5=3.68 ppm
@cC
<« 0=7.30 ppir H
/ 0=-7:41ppm N
- A of @0
N 1Y 0=10.96 ppm
5=2.96 ppm N 5=-0.61 ppm or
d=14.24 ppm Si

Fig. 6. Solid-state (a) 2°Si NMR, (b) 'P NMR spectra of 0Si0, and 2Si0, along with its deconvoluted spectra and (c) 3'P chemical shifts calculated with the GIAO method at B3LYP/

6-31 4 G*.
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Fig. 7. Schematic representation showing MSNP formation at 20% (1Si0,) and 30% ED (2Si0,). Hydrolysis of Si-O-P can also take place at Stage-3, for simplicity it is shown at Stage-4 only.
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Fig. 8. (a) CR, (b) BB and (c) MB adsorption from 3 mL aqueous solutions (0.25 g/L, pH 7) by 30 mg of 2Si0,. (d) Effect of MB concentration on absorption behavior of 2Si0,. (e) Adsorption
isotherms of MB at equilibrium concentration. (f) Langmuir and (g) Freundlich model of MB absorption by 2Si0,.
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Table 3
Parameters of Langmuir and Freundlich isotherm for MB adsorption by 2Si0,.
Model Parameters Values
Langmuir isotherm Qmax (mgg™ ") 380.0
K (Lg™") 0.009
RL 0.95
R? 0.99
Freundlich isotherm n 2.56
R? 0.96

[42]. In Langmuir isotherm (Eq. (2)), C. and g, refers to the equilibrium
MB concentration in H,O (mg.L™!) and 2Si0, (mg.g~!) respectively.
Qmnax is the maximum MB that can be adsorbed on a monolayer (mg.
g~ "). Similarly, K; (mg.g~") and n are constants in Freundlich model
(Eq. (4)) for adsorption capacity and adsorption favorability respectively.

1 1 1
Langmuir model : — = ———— + —— 2
¢ % Qi G Qo @
1
A= TikG )
Freundlich model : logq, = logKF +ln log C, (4)

From correlation coefficients (R?, Table 3) it is clear that both Lang-
muir (Fig. 8f) and Freundlich model (Fig. 8g) provides a good fit with
the experimental data. However, higher accuracy in Langmuir model
describes better the absorption of MB. Based on Langmuir model, the
maximum MB adsorption capacity of 2Si0; (Qnqx) Was calculated to
be ~380 mg.g~'. R; value derived by Eq. (3) signifies, if the isotherm is
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favorable (0 < R, < 1), linear (R, = 1), irreversible (R, = 0) or unfavor-
able (R, > 1) [53,59]. In this work, R; = 0.95 indicates favorable adsorp-
tion of MB, Heterogeneity factor (n), calculated from Freundlich model
shows if the adsorption follows a linear (n = 1), chemical (n < 1) or
physical (n > 1) process. The value of n = 2.5 shows some degree of
physical adsorption of MB (Fig. 8g, Table 3), and the value of n also
shows a favorable adsorption of MB by 2Si0, [60].

3.5. Regeneration and reuse of 2Si0,

To validate the practical application potential of 25i0,, MB release, and
reusability was studied. ~37.0 wt% MB containing 2Si0, obtained after 2 h
adsorption was used for the release study (Fig. 9a, Fig. S13). In neutral pH,
equilibrium MB release of within 20% (after 6 h) suggests the release of
only physio-adsorbed MB, which is in good agreement with the
Freundlich isotherm model. Decreased solubility of MB and increase in
the number of negatively charged sites in the 2Si0, at alkaline pH
lowered the MB release to only 7% (Fig. S14) [61,62]. On the contrary, at
pH 4.5 nearly 96% MB was released within 2 h. It can be due to the in-
creased solubility of MB and the formation of positively charged sites in
2Si0, at this pH (Fig. S14) repels MB out of the NPs [61]. Competition be-
tween H-ion and MB prevents further readsorption of MB into 2Si0,.

Complete desorption of MB at pH 4.5 (within 2 h) regenerated the
2Si0,, for subsequent reuse. {-potential of 2Si0, at different stages of
the adsorption-desorption cycle also confirmed its regeneration
(Fig. S15). Negative ¢-potential of 2Si0, approached isoelectric point
after the adsorption of MB at the anionic sites in 2Si0; [63]. After de-
sorption of MB, negatively charged sites were free and ¢-potential was
close to the pristine 2Si0,. Reusability of 2Si0, was investigated using
10 adsorption-desorption cycles (Fig. 9b) showed only a marginal de-
crease in adsorption capacity (~8%) after the tenth cycle. P-content of

400 } (b)
— § N ARE A 5 s e B
> 300
& s
E
5 200 &
100 $

12 3456 7 8 910
Number of cycles

Fig. 9. (a) pH-dependent MB release from MB-2Si0, (2SiO, containing ~37.0 wt% of MB). (b) Recycling of 2Si0, for MB adsorption from water (25 °C, 2 h) using 5.62 g/L MB solution.

Table 4

MB absorption capacity (Qmax) of silica-based adsorbents determined by Langmuir model.
Entry Adsorbent Surface area (m2g~!) Pore size (nm) Pore vol. (cm>.g™") Qmax. (mg.g™ ") Ref.
1 MSN 584.9 1.68 1.17 34.2 [64]
2 MSN composite 598.0 34 1.06 62.8 [65]
3 Porous SiO, NP coated nano-web 400.5 - 0.35 103.1 [66]
4 MSN from diatomite 1288.0 2.8 - 347.2 [54]
5 PO(OH); functionalized periodic silica 748.0 3.0 0.51 518.0 [67]
6 Cobalt impregnated silica NP 378.2 3.0 - 250 [68]
7 Polymer functionalized Fe;0,@SiO, NP - - - 421.9 [69]
8 Polyacrylic acrylamide grafted MSN - - - 3759 [70]
9 Hybrid MSNP 501.0 6.5 0.75 380.0 This work
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2Si0, after the tenth cycle (~0.7%) was similar to the pristine 2Si0,
(~0.8%), which minimizes the risk of secondary pollution due to ED
release.

The MB adsorption capacity (Qmqx) of the novel MSNP (2Si0,) was
compared with the recently reported silica-based adsorbents
(Table 4). The Qyqx of MSNPs (entry 9) was found to be superior to
most of the listed adsorbents, except for entry 5 and 7. In these two
cases, the adsorption experiments were carried out in an alkaline me-
dium (pH 9) and as discussed earlier, alkaline medium favors adsorp-
tion of MB [61]. From the adsorption isotherm data, it can be said that
Qmax Of 2Si05 is comparable to the adsorbents listed in entry 5 and 7.
Based on the preparation method and adsorption capacity, we can con-
clude that 2Si0, is more potent than recently reported silica adsorbents.

4. Conclusion

In summary, a single-step and template-free synthesis method has
been developed for the preparation of phosphonic acid-functionalized
mesostructured silica nanoparticles with high surface area (501 m?.
g~ 1, 2Si0,) using a nonsilane precursor. Elimination of template re-
moval and post functionalization steps simplified the process, protected
the surface functionalities, and reduced the processing time to 2 h,
otherwise difficult in state of art template-directed methods. NMR and
FT-IR analysis confirmed the presence of -SiOH and —-PO(OH), function-
alities in on MSNPs. Unlike, SBA-15 and MCM-41 type material, ran-
domly oriented pores with uniform pore width were formed within
synthesized MSNPs. With the help of physical and chemical analysis,
the mechanism of MSNP formation was postulated. The synergy of
high porosity and functionality achieved high MB adsorption capacity
(380 mg.g ') with excellent reusability of MSNPs (up to 10 recycling),
which demonstrates its practical application potential in the field of pol-
lution control. This novel MSNP can also be an ideal candidate for drug
delivery and flame retardant applications. Additionally, the successful
synthesis of MSNP using a nonsilane molecule broadens the precursor
selection. Therefore, research is underway using different multifunc-
tional nonsilane molecules at different synthesis conditions to improve
the porosity and yield.
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