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Abstract

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 sur-
face area up to 501 m’.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 m”.g ' and increasing the ED content to 30 mol% result-
ed in a surface area of 501 m”.g'. Zeta potential of novel MSNPs (-65.5 and -70.0 mV) were much
higher than the nanoparticle (NP) prepared from only TEOS (-49 m\" indicating the presence of a
large number of —SiOH and phosphonic acid surface functicu.' groups, as confirmed by Fourier-
transform infrared spectroscopy (FT-IR) and Nuclear magetic resonance (NMR) analysis. The
functionalized MSNPs were used as an adsorbent for the .»moval of cationic pollutants like meth-
ylene blue (MB). The MSNP with the highest poro.“«v lisplayed favorable MB adsorption behavior
with ~380 mg.g”' of MB adsorption capac’ty. ‘acile regeneration in an acidic medium (~pH 4.5)
with easy recyclability (10 cycles) confiri.ed the practical applicability of this novel functionalized

MSNPs.

Keywords: Hybrid sil’c>* . Te,0porous silica nanoparticles; Co-condensation; Phosphonic acid;

Methylene blue adsorption,



1. Introduction

Degradation-resistant dyes present in industrial effluents accumulate in water bodies and have
the potential to cause irreversible damage 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 secondary pollution. Thus, several adsorbents have
been designed for efficient removal of the MB and similar catinnic pollutants [2-9]. The use of
functionalized hydrogels [3, 4], carbon-based adsorbents [5], «a mesoporous silica nanoparticles
(MSNs) [6, 7, 10] are extensively investigated because of v 2ir high adsorption capacity. Recently
adsorbents designed from agricultural wastes have gaireu nterest due to their low cost, although
their low adsorption capacity makes them unattra~t.' e for commercial exploitation [11, 12]. Among
adsorbents, MSNs have attracted a lot of a* ent’on, owing to their docile nature, high stability, and
potential applications in the field of druy delivery [13, 14], bio-molecule delivery [15, 16], bioim-
aging [15], and many more areas [17-20;

Even though MSNs are prom:siny candidates in many fields, their preparation is mainly tem-
plate-directed methods of silaric oracursors followed by template removal to achieve porosity [21-
23]. Ideally, detemplatiny <houtd ensure unblocked pores with a large number of silanol (—SiOH)
groups. Calcination is considered an effective method of detemplatation to achieve the final porosi-
ty. However, high temperature (500-600 °C) during calcination leads to the destruction of —SiOH
groups due to thermal condensation and resulting in an inert mesoporous surface [24]. Besides, cal-
cination can result in structural shrinkage, agglomeration, and loss in porosity. To avoid agglomera-
tion and maintain the surface —~SiOH groups, detemplatation via dissolution using an organic sol-
vent [25] or supercritical fluid [26] is followed. The use of relatively lower temperature in the

dissolution method makes it more suitable for synthsis of co-condensed MSNs with organic func-



tionalities. However, complete removal of templates by dissolution is quite challenging and can
take several days [27].

Only a few templateless synthesis methods are reported in the literature for preparation of
MSNSs. In one such method, nano aggregate of poly(N-isopropylacrylamide) (PNIPAmM) above its
LCST temperature was used as a template for condensation of TEOS [28]. Later, lowering the tem-
perature below LCST made PNIPAm water-soluble and was easily removed from the silica nano-
particles 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 methrds ~+oduced aggregated mesoporous
silica with high porosity (537 mg.g™) [29]. Though both ‘ese methods are template free, low po-
rosity [28] and morphoplogy (aggregated) of the mater.>! produced [29] ultimately limit their ap-
plication.

To address aforementioned challenges, .nis wo.k reports a single-step template free route for
preparation of functionalized mesostruc: red siiica nanoparticles (MSNPs) via co-condensation of
tetraethyl orthosilicate (TEOS) and a nur -s 1ane precursor like N,N"-bis[4,6-bis(diethylphosphono)-
1,3,5-triazin-yl]-1,2-diaminoethan : (=N, Fig. 1b) [30]. Phosphonate groups in ED prevent a sudden
change in pH of the reaction medi.m. Upon hydrolysis of phosphonate groups under strong alka-
line conditions generate. mc'tivle phosphonic acid groups (Fig. S3c) which increases the possibil-
ity of ED-TEOS co-conderisation to form Si-O-P hybrid networks and eventually MSNPs. For-
mation of MSNPs was confirmed by Electron microscopy, nitrogen adsorption, and Small-angle X-
ray scattering (SAXS) analysis. The inclusion of ED in Si-O-Si network and generation of func-
tional mesostructured surface with silanol (-SiOH) and phosphonic acid functionalities was con-
firmed by nuclear magnetic resonance (NMR) and fourier-transform infrared spectroscopy (FT-IR).
Then, decontamination of water by removing cationic pollutants like methylene blue was demon-
strated 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].



Additionally, materials containing silica and phosphorous hybrid are kown for their impoved flame

ratardancy [34-36].
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Fig. 1. Schematic representation showing (a) condensation of TE(,S and (b) co-condensation of
TEOS-hydrolyzed ED and creating structural defects in S -O-."i network with phosphonic acid
functionality. (c) Procedure for silica nanoparticle synthesi. using different loading of ED.

2. Materials and methods

2.1. Materials

TEQOS (99%), NaOH, ethanol (99.8%), ai.’ayl ether (99%), MB, Congo Red (CR), and Brilliant
Blue were purchased from Sio™a-~ldrich and used as received. N,N"-Bis[4,6-
bis(diethylphosphono)-1,3,5-triazin- y1; 1.2-diaminoethane (ED) was synthesized following the
procedure given in supplementz-v .~formation (SI, Fig. S1) [30]. Preliminary in vitro cytotoxicity
assessment indicates that EI u>es not pose a risk for human cells (see Sec. S1.3 for detail).
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 TEQOS in 6
mL of ethanol was added dropwise for 1 minute to an H,O-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 minutes at 7000 rpm to isolate
NPs. 15 mL of ethanol-H,O mixture was added to the collected particles and samples were sonicat-

ed for 15 minutes and stirred for 30 more minutes. Then, MSNPs were recovered by centrifugation



and washing in ethanol-H,O mixture was repeated four times to ensure removal of unreacted pre-

cursors. 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 spec-
trometer (Sec. S1.2). For Solid-state *'P CP-MAS NMR analysis, a 4 mm CP-MAS probe with 4
mm zirconia rotor was used. *'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.~ance of solid NH4H,PO, (0.0
ppm) was used as reference and calculation was performed by C>ussian 09 software. The geome-
tries 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 reporteu “eiative to HsPO4 (0.00 ppm).

FT-IR spectra were recorded in a Bruker FT-iR (Tensor 27, Switzerland), under transmission
mode using MSN-KBr pallets and analyzine oy DPUS™ 7.2 software.

Scanning electron microscopic (SE: 1) images were recorded on a Hitachi S-4800 SEM operat-
ing at 20 kV. Before SEM analysis, [iF cispersion in ethanol was casted on a silicon wafer and
dried for 4 h under the atmospheri . ccdition, and coated with 7 nm Au/Pd coating.

TEM analysis was carried ~ut i TEM, JEOL JEM2200fs microscope operating at 200 kV. For
TEM analysis, the samr:~ v.~< prepared by putting a drop of NP dispersion (0.5 mg in 1 mL etha-
nol) on a Lacey carbon copper TEM grid and dried overnight under atmospheric conditions.

C-potentials of NPs dispersed in water (pH 7, sonicated 2 minutes) 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 77K on a TriFlex N, sorption ana-
lyzer (Micromeritics, US) with 15 s equilibration after degassing for 20 h at 75 °C and 1.33 mbar.
The specific surface areas (SBET, uncertainty ~20 m®.g ") were obtained by using Brunauer—
Emmett-Teller (BET) method [39], and the pore volume (Vg;4) and average pore size (Dgjn) 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-Ko
X-ray (A=0.154 nm) with Montel optics and two-pinhole collimation provided a beam diameter of
~400 pm. 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 beam-stop was used for
background subtraction. Quartz capillaries (¢ 1.5 mm, ~10 um wall, Hilgenberg GmbH, Germany)
with NPs were placed in the sample chamber under ~10 % mbar vacuum to reduce the scattering
due to air, and Silver behenate was used for calibration. 1D raci.' profiles were extracted from
DIFRACEVA software (Bruker AXS, Germany). The scattering ratterns were simulated using a
model with the Porod function and the Guinier approxima: on. r'he former simulates the scattering
from large polydisperse NPs (>100 nm) while the latter 1.5 into account the scattering from small
particles (herein the pores). The total scattering fur ¢*0i1 is given in Eq.1, where, a, R, and b are the

Porod slope, radius of gyration of the pores. ano a background correction constant respectively.

—q2R?

I(q)=%+exp( . )+b @

Elemental analysis of the nanop. ficics was done using the inductively coupled plasma optical
emission spectrometry (ICP-OES), 2n a 5110 ICP-OES apparatus (Agilent Switzerland AG, Basel).
Prior to analysis, ~15 mg of *!®s ..ere dissolved in 3 mL HNOj3 using a microwave.

MB adsorption was ca:ied 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 minute) and UV-vis intensity of residual MB (at 665 nm) was recorded by a Cary 50 BIO
UV-vis spectrophotometer after required dilution. Concentration 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 spectrophotom-

eter.



3. Result and discussion

Solid silica NPs synthesized from TEOS (1.12g, 90 mmol/L) and NaOH (42 mg, 18.0 mmol/L)
achieved a uniform size of 401+21 nm (0SiO,, Fig. 2a) [37, 38]. On the contrary, no NPs were-
formed at the same NaOH concentration in presence of ED (20.0 mol%). It can be attributed to the
rapid decrease in pH of the medium (Fig. S10) due to the formation of phosphonic acid groups after
hydrolysis of ED. Following which, a higher concentration of NaOH was used (Table 1) and the
yield of NPs (1SiO;) increased (Table S1). At 72 mg of NaOH in 60 mL of the mixture, 1SiO, NPs
with rough surfaces were formed (Fig. 2b, S5b). Further increasina v:= NaOH concentration result-

ed in an extensive cluster formation with a decrease in the surfa.~ 1vughness (Fig. S5c).

Table 1. TEQS, ED, and NaOH used for the preparation << <. ~a nanoparticles.
Entry TEOS (9) ED (9) ED/TEOS molar atiy NaOH (mg) Sample name

1 1.12 0 0 42 0SiO;
2 1.12 0.82 C? 42,60, 72,78 1Si0;
3 1.12 1.23 1.3 90, 105, 110 2Si0;
4 1.12 1.64 0.4 110, 117, 125 3SiO;

350 395 440 160 235 310 385 135 210 285 360
Size (nm) Size (nm) Size (nm)

Fig. 2. SEM image and siz= .istogram of (a) 0SiO,, (b) 1SiO; and (c) 2Si0, NPs,

With the increase in the ED loading to 30 mol%, a higher NaOH concentration was required for
synthesis of NP. 105 mg of NaOH in 60 mL of ethanol-H,O mixture achieved cluster free NPs with
rough surface (2SiO,, Fig. 2c and Fig. S6a, b). Increasing the NaOH concentration further, clusters
with decreased surface roughness were obtained. Additionally, on increasing the ED loading to 40
mol% (3SiO,), 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 observa-



tions 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 3SiO; can be challenge for recovery and reuse. Additionally, uncontrolled particle
growth and low yield of 3SiO, can limit its applictions. Therefore, 3SiO, was not considered for
further study.
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 cluster free silica NPs, the <‘7erall yield remains lower than
0SiO; (Table S1). ~9% of 1SiO, NPs have a hole in the center /+.2. 2b) and no such particles were
formed in the case of 2SiO, (Fig. 2c). The average size ¢ Nrs decreased with an increase in the
concentration of ED (Fig. S6d). TEM analysis of 1SiO, .~vealed the presence of a darker core and
lighter shell of few nanometers (Fig. 3a), indicatin = ¢ 2nser core. On the other hand, the TEM im-

age of 2SiO, was uniform without any sign ~f a :nsiy change within NPs (Fig. 3b).
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Fig. 3. TEM image of (a) 1SiO; and (b) 2Si0,. N, adsorption-desorption isotherm of (c) 0SiO;, (d)
1Si0; and (e) 2Si0s.

N, sorption measurements of the 0SiO, showed a type 1l isotherm without hysteresis, and a low
surface area of 22 m?.g ™%, indicating its nonporous nature (Fig. 3c). 1SiO, showed a type IV iso-
therm 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 m?.g~* and 0.13 cm®.g* respectively (Fig.



3d, S8a). In 2SiO,, significant improvement in porosity and a type 1V isotherm with H1 hysteresis
was observed (Fig. 3e), indicating a homogeneous mesoporous structure (pore size ~7 nm, Fig. S8).
2Si0,also displayed a high surface area of 501 m®.g * and BJH volume of 0.74 cm®.g™* (Table 2).
Unlike template-directed MSNs [43, 44], no pore boundaries were observed during TEM analy-
sis of 2Si0, despite high porosity (501 m?.g ™), indicating a random pore orientation. SEM analysis
of ball-milled 2SiO, confirmed the presence of randomly interconnected pores formed due to ag-
gregation of nano-domains of ~6 nm (Fig. S9) and similar observation can also be found in the lit-
erature [28]. In SEM image of ball-milled 1SiO,, flaking-off of tii. oorous layer from the top ex-

posed a denser core (Fig. S9a), which is in agreement with the T4 analysis (Fig. 3a).

Table 2. Composition and properties of silica NPs synthesizer'.

Sample BET area Pore volume BET pue  SAXSpore *P-content  (-potential
(m%.g™) (cm’.g™) size (\m)  size (nm) (%) (mV)
0SiO, 22 0.05 - - - -49.0
1SiO, 81 0.13 2.5 2.5 0.12 -65.5
2Si0, 501 0.75 o 6.5 11.5 0.70 -70.0
#Phosphorous content (P-content) determined by ICP-2 <S analysis.
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Fig. 4. SAXS patterns and corresponding simulated curves shown for (a) 0SiO,, (b) 1SiO; (c)

2Si0;. Porod slope and radius of gyration was calculated using Eq.1 and are given in Fig. S8c and
d.

To confirm the role of ED on the porosity of MSNPs, SAXS experiments were carried out. The
0SiO, demonstrated a decay in the intensity 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/g%) to deduce the Porod exponent. Porod
decay rate of nearly -4 indicates a smooth surface of 0SiO,. The increase in surface roughness leads
to high fluctuations in lateral electron density profiles and deviates from the decay rate of -4. For

extremely rough surfaces, an exponent close to -3 can be obtained [45]. A decrease in Porod expo-
10



nent for 1SiO, and 2SiO; (Fig. 4) is the signature for higher surface roughness and agrees with
SEM observation (Fig. 2). The scattering from 1SiO; and 2SiO; displayed a broad hump at a high
q region (arrow in Fig. 4b, ¢), and its intensity increased with the increase in ED concentration.
This hump also moved towards lower scattering angles for 2SiO,. These observations indicate the
growth of pores size within MSNPs. Pore size determined using the Guinier approximation (Eq. 1,
exp (-9°R%3)) was found to be 2.2 and 11.3 nm for 1SiO, and 2SiO, 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 [4o;

To confirm the incorporation of ED into NPs, P-content of '5.~, and 2SiO, was determined by
ICP-OES analysis. P-content in 1SiO; (0.1%) and 2SiO, (C 7% are lower than the calculated value
of ~13.0 and ~15.5% for 1SiO;, and 2SiO; respective’. It can be attributed to the slow co-
condensation of ED-TEOS compared to the condcnsat on of only TEOS and partial hydrolysis of
Si-O-P link [47]. Although there was a difier¢ nce in P-content and porosity between 1SiO; and
2Si0,, C-potential of both MSNPs wei > similar (-65.5 and -70.0 mV, Fig. 5a) and higher than

0SiO; (-49 mV), indicating the presencr: o1 similar functionality (—-SiOH and —PO(OH),) on both

the MSNPs.
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Fig. 5. (a) C-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.

3.2 Chemical characterization of NPs
As mentioned earlier, P-content and porosity of 1SiO, were low as compared to 2SiO, (Table 2).

Therefore, 1SiO, was excluded from further detailed study. In the FT-IR spectra of both 0SiO, and

11



2Si0, (Fig. 5b), intense bands of Si-O-Si skeleton (1088 cm ) and Si-O-Si bending vibration (799
cm 1) were observed [23, 48]. The appearance of a shoulder around 1200 cm ™ in the case of 2SiO,
can be attributed to P=0O groups [49, 50]. Moreover, the intensity of the peak for —-SiOH symmetric
stretching (961 cm ™) was found to be higher in 2SiO, [51]. The increased intensity of the band at
1635 cm* can be attributed to the adsorption of H,O by P=0 functionality in 2SiO, 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 combined effect of absorbed H,O by P=0 functionality and a higher
number of —SiOH significantly increased the intensity of the ba.' at 3000-3700 cm " [48, 54].
These FT-IR observations highlight the incorporation of ED ir the <,-O-Si network.

2Si NMR spectra of both 0SiO, and 2SiO, showed the | resence of Q4 and Qs peak (Fig. 6a) [55,
56]. However, the intensity of the Q3 peak was higher 1, the case of 2SiO, along with a new peak
of Q; (Fig. 6a). Higher amount of Q3 and Q- in 21, can be due to the disruption in Si-O-Si net-
work during the inclusion of ED. It was diff’‘cul to 1esolve Si-O-P signals that appear between -110

to -120 ppm [55, 56], possibly due to the 'ower nnumber of Si-O-P links compared to Q4 and Qs.
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Fig. 6. Solid-state (a) ¥Si NMR, (b) *'P NMR spectra of 0Si0; and 2Si0; along with its deconvo-
luted spectra and (c) *'P chemical shifts calculated with the GIAO method at B3LYP/6-31+G*.

To get more information, **P CP-MAS solid NMR spectra (15 and -10 ppm) was deconvoluted
and six resonances were observed (Fig. 6b). *'P CP-MAS NMR chemical shifts have been simulat-

ed using GIAO method according to the change in the chemical environment around the phospho-

12



nate 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(O)(OH), groups with —SiOH. This explains the presence of the Q, peak in 2SiO, 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 Q3 and Qs to Qa.
The resonance at 11.1 ppm is assigned to the presence 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 resor.c.ces between -0.71 to -5.5 ppm
are attributed to the overlapping of physiosorbed —P(O)OH cn .~ same side of bonded phospho-
nate to —SiOH. Unhydrolyzed phosphoester also appears w:*hin the same region.
3.3 Mechanism of MSNP formation

Based on the different analysis, a simplified me~Farism of MSNP formation is proposed in Fig.
7. The presence of very small primary part.cle; (-P) of ~6x1 nm size (Fig. S9) observed during
SEM analysis were formed in Stage-2, r.2ht after the hydrolysis and condensation of precursors in a
highly alkaline medium (Stage-1). H.g"1 ukalinity at Stage-1 facilitates the hydrolysis and co-
condensation of ED with TEOS (F1y. S10). However, incomplete hydrolysis of ED results in the
presence of a small fraction o7 resi.ual phosphoester groups in the final 2SiO,, which is confirmed
by NMR analysis (Fig. 2h) [57,. A higher concentration of ED and NaOH during the synthesis of
2SiO; (Table 1) led to a hiyner ED incorporation in the PPs, which is reflected in the measured P-

content of 2SiO,.
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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.

The initial stage marked by the rapid decrease in pH in the case of 1SiO,, 2SiO, compared to
0SiO; is attributed to the hydrolysis of phosphoester of ED to phosphonic acid (Fig. S10) and de-
crease in the co-condensation rate of ED-TEOS. The pH of the medium remains high enough for
TEQOS condensation which leads to the formation of secondary particles by aggregation of PPs (Fig.
7) [28, 58]. Low ED content in PPs and a higher pH at Stage-1 of 1SiO, synthesis results in com-
pact secondary particles by incorporation of a higher amount o, TEOS (Stage-3). Conversely, a
higher amount of ED in PPs and a lower pH of the medium in t.e c:se of 2SiO; prevented the for-
mation of compact secondary particles. The size of the secnuzry particles grew via the incorpora-
tion of the PPs. However, lowering the pH due to the fc mai on of phosphonic acid group results in
a more open and porous structure (Stage-4). This arerence in TEOS condensation in 1SiO; syn-
thesis is visible as a denser core during TEM . aiyis (Fig. 3a). On the contrary, low incorporation
of TEOS Stage-3 and 4 produces porous 2SiO, ‘Fig. 3e). The removal of co-condensed ED due to
partial hydrolysis of Si-O-P bond [47| a.ving synthesis also improves the porosity of 2SiO; to
achieve a surface area of 501 m%a™ A ower pH during the synthesis of 2SiO, (Fig. S10) reduces
the amount of of PPs that can be ncorporated, which ultimately decreases the size of 2SiO, com-
pared to 1SiO;, (Fig. 2).

3.4. Dye removal from wat:r

High surface area with-SiOH and —PO(OH), functionalities make 2SiO, an ideal adsorbent.
Hence, the adsorption behavior of 2SiO; was investigated using pollutants like CR, BB, and MB
(Fig. 8). Equilibrium adsorption of CR was low (10%, Fig. S11a), due to competing CR-2SiO,, and
CR-H,0 interactions (Fig. S11d). Higher adsorption of BB (~38%, Fig. S11b) is the result of
slightly stronger BB-2SiO interaction, owing to more number of amino groups than sulfonic acid
groups in BB (Fig. S11e). Nearly complete adsorption of MB within 10 minutes (Fig. 8c, S11c) is

due to the strong interaction between MB with -PO(OH), and —SiOH groups (Fig. S11f).
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Considering a fast adsorption of MB by 2SiO,, detailed adsorption study was carried out (Fig.
8d, e) to predict MB distribution between H,O or solid phase (2SiO,) using Langmuir [41] and
Freundlich models [42]. In Langmuir isotherm (Eqg. 2), Ce and g refers to the equilibrium MB con-
centration in H,O (mg.L™) and 2SiO, (mg.g ) respectively. Quay is the maximum MB that can be
adsorbed on a monolayer (mg.g ™). Similarly, K; (mg.g™*) and n are constants in Freundlich model

(Eqg. 4) for adsorption capacity and adsorption favorability respectively.

1 1 1
Langmuir model: —= + (2)
de Qmax KL Ce Qmax
1
R, =—— 3
L7 14 K,.6, )
1
Freundlich model: logq, = log Ky + Tlog(e 4)

From correlation coefficients (R? Table 3) it is cler: *ha: both Langmuir (Fig. 8f) and Freun-
dlich model (Fig. 8g) provides a good fit with the expr/imental data. However, higher accuracy in
Langmuir model describes better the absorption >f ..23. Based on Langmuir model, the maximum
MB adsorption capacity of 2SiO. (Qmax) Wa. ~.iculated to be ~380 mg.g *. R, value derived by Eq.
3 signifies, if the isotherm is favorable (0<?: <1), linear (R .=1), irreversible (R .=0) or unfavorable
(R.>1) [53, 59]. In this work, R =0 5T in.uicates favorable adsorption of MB. Heterogeneity factor
(n), calculated from Freundlich 1,.ndel shows if the adsorption follows a linear (n=1), chemical
(n<1) or physical (n>1) prosc-s. 7 ne value of n=2.5 shows some degree of physical adsorption of

MB (Fig. 8g, Table 3), ana ‘e value of n also shows a favorable adsorption of MB by 2SiO, [60].
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Fig. 8. (a) CR, (b) BB and (c) MB adsorption from 3 mL aqieou, solutions (0.25 g/L, pH 7) by 30
mg of 2Si0;,. (d) Effect of MB concentration on absorptio.. behavior of 2Si0;. (¢) Adsorption iso-
therms of MB at equilibrium concentration. (f) Langm 't ai. 1 (g) Freundlich model of MB absorp-
tion by 2Si0;.

Table 3. Parameters of Langmuir and Freurlic.. .sotherm for MB adsorption by 2SiO.

Model _P?an eters Values

Qax (mg-gil) 380.0

KL (L.g’l) 0.009
Langmuir isotherm R. 0.95
¢ R? 0.99
Freundlich isotherm n2 2.56
R 0.96

3.5. Regeneration and reuse oy ?%i0,

To validate the practica: application potential of 2SiO,, MB release, and reusability was studied.
~37.0 wt.% MB containing 2SiO,, 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. De-
creased solubility of MB and increase in the number of negatively charged sites in the 2SiO, at al-
kaline 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 increased solubility of MB and the formation
of positively charged sites in 2SiO, at this pH (Fig. S14) repels MB out of the NPs [61]. Competi-

tion between H-ion and MB prevents further readsorption of MB into 2SiO,.
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Fig. 9. (a) pH-dependent MB release from MB-2Si0O; (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.

Complete desorption of MB at pH 4.5 (within 2 h) regenerate. the 2SiO, for subsequent reuse.
(-potential of 2SiO; at different stages of the adsorption-desorpi.nn _ycle also confirmed its regen-
eration (Fig. S15). Negative {-potential of 2SiO, approached .cuelectric point after the adsorption
of MB at the anionic sites in 2SiO, [63]. After desorp.ion of MB, negatively charged sites were
free and (-potential was close to the pristine 2SiO;. F.eisability of 2SiO, was investigated using 10
adsorption-desorption cycles (Fig. 9b) shov.el' o1.'y a marginal decrease in adsorption capacity
(~8%) after the tenth cycle. P-content of 2SiO, .fter the tenth cycle (~0.7%) was similar to the pris-
tine 2Si0; (~0.8%), which minimizes the r, -k of secondary pollution due to ED release.

The MB adsorption capacity (O, ) ot the novel MSNP (2SiO,) was compared with the recently
reported silica-based adsorberts (v ~ble 4). The Qmax 0f MSNPs (entry 9) was found to be superior
to most of the listed adsnrbonts. except for entry 5 and 7. In these two cases, the adsorption experi-
ments were carried out in 2. alkaline medium (pH 9) and as discussed earlier, alkaline medium fa-
vors adsorption of MB [61]. From the adsorption isotherm data, it can be said that Qmax 0f 2SiO; is
comparable to the adsorbents listed in entry 5 and 7. Based on the preparation method and adsorp-

tion capacity, we can conclude that 2SiO, is more potent than recently reported silica adsorbents.

Table 4. MB absorption capacity (Qmax) Of silica-based adsorbents determined by Langmuir model.

Entry Adsorbent Surface Pore size Pore vol. Quax. Ref.
area (m>g") (nm) (cm’g™) (mg.g™)

1 MSN 584.9 1.68 1.17 34.2 [64]

2 MSN composite 598.0 3.4 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]
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PO(OH), functionalized periodic silica  748.0 3.0 0.51 518.0 [67]
Cobalt impregnated silica NP 378.2 3.0 - 250 [68]
Polymer functionalized Fe;O,@SiO, NP - - - 421.9 [69]
Polyacrylic acrylamide grafted MSN - - - 375.9 [70]
Hybrid MSNP 501.0 6.5 0.75 380.0 This work

4. Conclusion

In summary, a single-step and template-free synthesis method has been developed for the prepara-
tion of phosphonic acid-functionalized mesostructured silica nanoparticles with high surface area
(501 mz.gfl, 2Si0,) using a nonsilane precursor. Elimination of template removal and post func-
tionalization steps simplified the process, protected the surface f.inc. onalities, and reduced the pro-
cessing time to 2 h, otherwise difficult in state of art temple‘e-di rected methods. NMR and FT-IR
analysis confirmed the presence of —SiOH and —PO(Ct,. tunctionalities in on MSNPs. Unlike,
SBA-15 and MCM-41 type material, randomly orie.ated pores with uniform pore width were
formed within synthesized MSNPs. With the ho'o or physical and chemical analysis, the mecha-
nism of MSNP formation was postulated. 1.~ synergy of high porosity and functionality achieved
high MB adsorption capacity (380 mg = *) with excellent reusability of MSNPs (up to 10 recy-
cling), which demonstrates its practical application potential in the field of pollution control. This
novel MSNP can also be an idec! condidate for drug delivery and flame retardant applications. Ad-
ditionally, the successful sy iu.>s1s of MSNP using a nonsilane molecule broadens the precursor se-
lection. Therefore, research .s underway using different multifunctional nonsilane molecules at dif-

ferent synthesis conditions to improve the porosity and yield.
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Highlights

Template free route for hybrid silica nanoparticles with ~500 m?.g™* surface area.

Cocondensation of a nonsilane precursor to achieve phosphonic acid functionality.

Silica nanoparticles displayed high Methylene blue adsorption (380 mg.g ™).

This method broaden the precursor selection for mesoporous silica synthesis.
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