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A series of MCM-41 nanomaterials that could serve various scientific applications was synthesised from two silica
sources, tetraethyl ortho silicate and sodium silicate. Calcination and solvent extraction were employed as
surfactant removal methods, while surface functionalisation was done via co-condensation and post-grafting
methods. The synthesised nanomaterials were characterised, and their physicochemical properties were
compared using X-ray powder diffraction (XRD), Brunauer Emmett Teller (BET) analysis, Fourier Transform
Infra-red spectroscopy (FTIR), Thermogravimetric analysis (TGA), Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). The results showed that the surfactant removal and surface func-
tionalisation methods affected the synthesised nanomaterials’ 26 values, d-spacing, and unit cell parameters.
However, surfactant removal methods did not affect the morphology of amino-functionalised nanomaterials.
Mesoporous silica nanomaterials of specific surface areas (884.0-17.1 m2/g), pore volumes (1.0-0.1 cm®/g),
pore size diameters (7.2-1.5 nm), and less orderly mesoporous structures were produced with co-condensation
and amino functionalisation using both silica sources. These methods can produce mesoporous silica nano-
structures with different morphologies for wastewater remediation, catalysis, bio-catalysis, drug delivery, CO2
capture, indoor air cleaning, bioanalytical sample preparation, and pervaporation membrane improvement.

Co-condensation
Post-grafting
Solvent-extraction
Calcination

Introduction environmental and economic reasons (toxicity and high cost of silica

source). Silicate precursors such as sodium silicate are economical and

Mesoporous silica nanomaterials (MCM-41), since their discovery in
1992, have been widely used for many scientific applications, which cut
across drug delivery, catalysis, and energy, among others, due to their
unique features [1,2]. Over the years, these well-ordered hexagonal
structured materials with 2-50 nm pore diameters, large surface areas of
up to 1000 cm?/g, tuneable pore sizes, and distinct morphologies have
been extensively studied for their biomedical applications [3-7].

MCM-41 nanomaterials are commonly synthesised using sol-gel
synthesis, which regulates the porosities and morphologies of nano-
particles by varying their synthesis parameters such as silica precursors,
reaction temperature and time, solvents, surfactants, and pH, to mention
a few [8]. The use of alkoxide compounds as silica precursors for syn-
thesising mesoporous silica nanoparticles is limited due to

* Corresponding authors.

non-toxic. Hence, they are preferred and used as a substitute for alkoxide
compounds [9].

Surfactants that act as structure-directing agents with varying alkyl
chain lengths are used as templates during the synthesis of mesoporous
nanoparticles to control their pore structure and sizes [10]. Cetyl-
trimethylammonium bromide (CTAB), a quaternary ammonium sur-
factant, has been used to synthesise MCM-41 with notable structural
properties [11]. After synthesis, surfactant removal is done to obtain the
mesoporous structure and pore network [12]. Surfactant interactions
with the nanoparticle’s silica framework are also reduced, and surface
functionalisation of the nanomaterials with functional groups becomes
easier after surfactant removal [13]. Several surfactant removal
methods have been employed and reported in the literature, including
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calcination and acid-solvent extraction [14].

The surface functionalisation of mesoporous silica surfaces with
different functional groups has been reported [15]. Silica surfaces are
covered with functional groups that attach them to chemical or bio-
logical moieties. Amino groups are attached to silica surfaces using
amino silanes as coupling agents. One of the commonly used amino-
silanes is 3-amino propyl triethoxysilane (APTES), which is econom-
ical [16]. The functionalisation of silica precursors with APTES produces
amino-functionalized surfaces that are easily affected by their synthetic
conditions, such as temperature, reaction time, the concentration of
silane, the quantity of water present in the reaction, and the polarity of
solvent used [17].

Various morphologies of MCM-41 nano-materials with controllable
structural properties have been synthesised by varying the reaction
parameters used in their synthesis [18-22]. The effect of surfactant
removal methods on the choice of silica source used and surface func-
tionalisation methods employed are also essential factors to be consid-
ered in determining the final properties of MCM-41 nano-materials.

This paper aimed to study the effect of surfactant removal methods
(calcination and solvent extraction) and surface functionalisation
methods (co-condensation and post-grafting) on the physicochemical
and textural properties of amino-functionalized MCM-41 nano-
materials. Tetra ethyl ortho silicate and sodium silicate were used as
silica sources, while ethanol and methanol were employed as solvents
for solvent extraction. The synthesised nanomaterials were studied and
compared using characterisation techniques: XRD, FTIR, BET, TGA,
SEM, and TEM.

Experimental
Materials
Tetraethyl orthosilicate (TEOS) (CgH2004Si, 98 %), sodium meta-

silicate solution (NapSiO3) Sigma-Aldrich, Louis, MO, USA), cetyl-
trimethyl ammonium bromide (CTAB) (CjgH42BrN, 99.9 %), 3-
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aminopropyltriethoxysilane (APTES) (C9H23NO3Si, 99 %), sodium hy-
droxide pellets, toluene, absolute ethanol and methanol were purchased
from Sigma-Aldrich, St Louis, MO, USA and used without further puri-
fication. Concentrated hydrochloric acid and tetraoxosulphate (VI) acid
were purchased from Rankem Ltd, Mumbai, India. Milli Q water (Mil-
lipore) was used to synthesise the nanomaterials.

Synthesis of MCM-41 using tetraethyl orthosilicate (TEOS) as silica source

MCM-41 was synthesised according to the procedure described by
Huh et al., 2003 [23] with slight modifications. 2 g of CTAB was dis-
solved in a solution containing 480 g of Milli-Q water and 7 mL of 2 M
NaOH in a Teflon bottle. The mixture was stirred, heated, and main-
tained at a temperature of 80 °C with continuous stirring for 30 min
using a magnetic stirrer. A homogenous solution with a pH of 12.36 was
obtained. 9.34 g of TEOS was added rapidly sequentially to the homo-
geneous solution via injection with continuous stirring to get a white
precipitate after about 3 mins. The reaction temperature and time were
maintained at 80 °C for 2 h. The as-synthesised product was isolated by
hot filtration, washed with enough Milli-Q water and ethanol, and dried
under vacuum, as shown in Scheme 1.

Removal of surfactant was done by calcination at 550C for 6 h, and
two different acid solvent extraction methods involving using methanol
and ethanol as solvents at room temperature for 15 mins and 60C for 6 h.
1 g each of as-synthesised MCM-41 was suspended in a mixture of
ethanol (100 ml) and concentrated hydrochloric acid (1 ml). The
mixture was stirred at room temperature for 15 mins and 60C for 6 h
separately using a magnetic stirrer rotating at 700 rpm. The resulting
products were filtered, washed with Milli-Q water and ethanol, and
dried under vacuum. The purification was repeated using a mixture of
methanol (100 ml) and concentrated hydrochloric acid (1 ml) at the
same temperature according to Scheme 1. The final products obtained
from calcination were denoted as ‘MCM-41-Calt’. Products received
after acid solvent extraction at room temperature for 15 mins and 60C
for 6 h using ethanol as solvent (HCl/EtOH) were denoted as MCM-41-

(a) [L\l" .jm

o, 0
|-’ o
NAAANAAANN F '
h [’ \| TEOS
) Bir I, <1, +
CTAB
o
- Nat
“:/Si\“ Sodium
Silicate

As-synthesised MCM-41

{2)Solvent Extraction
(a)(iy HCVEfOH': RT, 15 mins, 700 rpm

. . X (1) Calcination
(i) HCYETQH: 60 °C, 6 hours, 708 rpm

(a) 350°C, & honrs

(B) 540°C, 8 hours
(b) () HCLMeOH: RT, 15 mins, 700 rpm

fii) HCiMeOH: 60 °C, 6 fioirs, 700 vpiii

o +

MOM-AL

APTES
Co--condensation

NH; NH, NH;

As-synthesised - NHy-MOM-41

Solvent Extraction
(ay(iy HCVEIQH: RT, 15 mins, 700 rpm
(i) HCVENOH: 68 °C, 6 hoars, 700 rpm

(b) (i) HCYMeOH: RT, 15 mins, 700 rpm
(it} HCUMeOH: 60 °C, 6 honrs, 700 rpm

JRADIIN RIS

(=19
APTES

v Post-grafting

NH,-MCM-41

Scheme 1. Illustration of the synthesis of amino functionalised mesoporous silica materials via Co-condensation and post-grafting methods with the surfactant

removal methods employed.
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Extlt and MCM-41-Ext2t, respectively. The products obtained using
methanol (HCl/MeOH) as solvent under the same temperature condi-
tions were denoted as MCM-41-Ext3t and MCM-41-Ext4t, respectively.
The calcined and solvent-extracted MCM-41 nanomaterials were pre-
pared as a reference for comparing the amino-functionalised
nanomaterials.

Synthesis of amino-functionalised MCM-41 via co-condensation method

Amino-functionalised MCM-41 was synthesised as related in Scheme
1 using a one-pot co-condensation synthesis. The method related to
Section 2.2 was adopted. Still, with a drop-wise addition of APTES after
the addition of TEOS via injection to make a molar ratio of TEOS/APTES
1:1. The remaining procedure was followed to obtain an as-synthesised
product after filtration, washing with enough Milli-Q water and vacuum
drying. The surfactant was removed following the acid solvent extrac-
tion method described in Section 2.2. The final products obtained were
denoted as ‘MCM-41-Colt, and MCM-41-Co2t’ for HCl/EtOH-extracted
products and MCM-41-Co3t and MCM-41-Co4t’ for HCl/MeOH-
extracted products as earlier stated.

Synthesis of MCM-41 using sodium silicate as silica source

MCM-41 was synthesised according to Scheme 1 using the procedure
described by Pauly et al., 2001 [24] with slight modifications. 17.33 g of
CTAB was dissolved in 57.5 ml of Milli-Q water and stirred at 700 rpm
for 30 mins. 13.45 ml of sodium silicate was added to the homogeneous
mixture obtained and stirred for another 30 mins. A 0.667 ml of tet-
raoxosulphate (VI) acid in 5 ml of Milli-Q water was added to the ho-
mogeneous mixture in drops and stirred for 30 mins to obtain a white gel
with a pH of 10.3, which was poured into a Teflon bottle and autoclaved
for 24 h at 100C. The resulting gel was washed 4-5 times with Milli-Q
water using a centrifuge at 5,000 rpm for 10 mins and then dried in
the oven for 12 h at 100C. Surfactant was removed from the as-
synthesised product by calcination (540C for 7 h) and acid solvent
extraction method as explained in Section 2.2. The final products ob-
tained after calcination and acid solvent extraction were denoted as
‘MCM-41-Cals’, ‘MCM-41-Extls’, ‘MCM-41-Ext2s’, MCM-41-Ext3s’, and
‘MCM-41-Ext4s’.

Synthesis of amino-functionalized MCM-41 via co-condensation method

A one-pot co-condensation synthesis, as illustrated in Scheme 1, was
carried out using the earlier described method for pure MCM-41 but
with a drop-wise addition of APTES following the injection TEOS to
make a molar ratio of TEOS/APTES 1:1. When the remaining procedure
was followed, an as-synthesised product was obtained after drying in the
oven for 12 h at 100C. The surfactant was removed using the solvent
extraction methods related to section 2.2. The final products obtained
were ‘MCM-41-Cols’, ‘MCM-41-Co2s’, ‘MCM-41-Co3s’, and ‘MCM-41-
Co4s’.

Post-grafting synthesis of MCM-41 nanomaterials

The calcined and solvent-extracted MCM-41 was also functionalised
as indicated in Scheme 1 through post-grafting synthesis described by
Parida and Rath, 2009 [25] with slight modifications. 1 g each of
calcined ‘MCM-41-Calt’ and ‘MCM-41-Cals’ nanomaterials that were
solvent extracted in HCl/EtOH and HCl/MeOH, that is, MCM-41-Ext2t,
MCM-41-Ext4t, MCM-41-Ext2s, and MCM-41-Ext4s were refluxed
separately with 0.785 ml of APTES in 60 ml of toluene for 24 h at room
temperature. The product obtained was filtered and washed with Milli-Q
water. The resulting products were vacuum-dried and referred to as
‘MCM-41-Post-Calt’, ‘MCM-41-Post-Cals’, MCM-41-Post-Ext2t, MCM-
41-Post-Ext4t, MCM-41-Post-Ext2s, and MCM-41-Post-Ext4s,
respectively.

A summary of the nano-materials synthesised in this study with their
surfactant removal methods and conditions is presented in Table 1.
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Table 1
Summary of synthesised MSNs with their surfactant removal methods and
conditions.

Nano-materials Surfactant Removal Conditions

1. MCM-41-Ext1t e Method: Solvent extraction
MCM-41-Extls Temperature: Room temperature
MCM-41-Colt Stirring time: 15mins
MCM-41-Cols Stirring rate: 700 rpm

Solvent used: HCl/EtOH
2. MCM-41-Ext2t e Method: Solvent extraction
MCM-41-Ext2s Temperature: 60C
MCM-41-Co2t Stirring time: 6 h
MCM-41-Co2s Stirring rate: 700 rpm
MCM-41-Post-Ext2t Solvent used: HCI/EtOH
MCM-41-Post-Ext2s
3. MCM-41-Ext3t e Method: Solvent extraction
MCM-41-Ext3s Temperature: Room temperature
MCM-41-Co3t Stirring time: 15mins
MCM-41-Co3s Stirring rate: 700 rpm
Solvent used: HCl/MeOH
4. MCM-41-Ext4t e Method: Solvent extraction
MCM-41-Ext4s Temperature: 60C
MCM-41-Co4t Stirring time: 6 h
MCM-41-Co4s Stirring rate: 700 rpm
MCM-41-Post-Ext4t Solvent used: HCl/MeOH
MCM-41-Post-Ext4s

5. MCM-41-Calt e Method: Calcination
MCM-41-Post-Calt Temperature: 550C
Time: 6 h
6. MCM-41-Cals e Method: Calcination
MCM-41-Post-Cals Temperature: 540C
Time: 7 h

Surface functionalisation method: Co = co-condensation, Post = post-grafting;
Silica source: t = TEOS, s = sodium silicate.

Characterisation

Powder XRD patterns of the synthesised MCM-41 materials were
recorded on a Bruker AXS diffractometer (D8 Advance) with a scan 20
range of 0 to 80’ and a scan speed of 1° min~! using filtered CuKo ra-
diation (A = 1.5406 A"). Particle morphology was analysed with scan-
ning electron microscopy (SEM) using an SEM-ZEISS 1400 scanning
electron microscope. TEM images were obtained from JEOL, JEM-2100
Plus Microscope. Fourier transform infrared (FT-IR) spectroscopy was
performed on a PerkinElmer-Spectrum GX Spectrometer within the
4000-400 cm ™! range using potassium bromide (KBr) pellets. Nitrogen
adsorption isotherms of the synthesised nanomaterials were obtained
using a NOVA 2200e analyser at —196.15 °C after degassing the samples
for 24 hrs at 199.85 °C. TGA analysis was carried out with a Mettler
Toledo TGA/SDTA 851e instrument (Zurich, Switzerland) under a ni-
trogen atmosphere at a 30 ml/min flow rate and temperature of 25 to
800 °C.

Results and discussion
X-ray diffraction studies of synthesised MSNs

The XRD powder patterns of the synthesised nanomaterials for both
silica sources are shown in Fig. 1a—d. All the nanomaterials had a single
intense diffraction peak with different intensities at plane 100, a typical
characteristic of the hexagonal pore structures of MCM-41 materials.
This indicates that the nanomaterials retained their mesoporous struc-
ture after surfactant removal and amino modification. Weak diffraction
peaks corresponding to planes 110 and 200 were also observed in some
synthesised nanomaterials. The presence of these peaks implied that the
hexagonal pore-structured nanomaterials had well-ordered, long-ranged
pores [1,2,26]. At the same time, their absence indicates a decrease or
distortion of the pore ordering of the materials because of the surfactant
removal method employed and the grafting of amino groups on silica
surfaces of the nanomaterials [27-29]. These peaks were more
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Fig. 1. (a): XRD patterns of MCM-41 nanomaterials synthesised using TEOS as silica

source: (i) As-synthesised MCM-41t, (ii) MCM-41-Calt, (iii) MCM-41-Ext1t, (iv) MCM-41-Ext2t, (v) MCM-41-Ext3t, (vi) MCM-41-Ext4t. (b): XRD patterns of co-
condensed amino functionalisation MCM-41 nanomaterials synthesised using TEOS as silica source: (i) MCM-41-Colt, (ii) MCM-41-Co2t, (iii) MCM-41-Co3t, (iv)
MCM-41-Co4t. (c): XRD patterns of post-grafted MCM-41 nanomaterials with TEOS as silica source: (i) MCM-41-Post-Calt, (ii) MCM-41-Post-Ext2t, (iii) MCM-41-
Post-Ext4t. (d): XRD patterns of MCM-41 nanomaterials synthesised using sodium silicate as silica source: (i) As-synthesised MCM-41s, (ii) MCM-41-Cals, (iii) MCM-
41-Extls, (iv) MCM-41-Ext2s, (v) MCM-41-Ext3s, (vi) MCM-41-Ext4s. (e): XRD patterns of co-condensed amino functionalisation MCM-41 nanomaterials synthesised
using sodium silicate as silica source: (i) MCM-41-Cols, (ii) MCM-41-Co2s, (iii) MCM-41-Co3s, (iv) MCM-41-Co4s. (f): XRD patterns of post-grafted MCM-41
nanomaterials with sodium silicate as silica source: (i) MCM-41-Post-Cals, (ii) MCM-41-Post-Ext2s, (iii) MCM-41-Post-Ext4s. The supporting dataset can be found

at [36]

pronounced in the calcined nanomaterials (MCM-41-Calt and MCM-41-
Cals) and less pronounced in nanomaterials that were extracted with
HCl/MeOH solvent at 60C for 6 h (MCM-41-Ext4t and MCM-41-Ext4s).
They were less orderly than their ethanolic counterparts.

An increase in 20 values and peak intensities at plane 100 were
observed in solvent-extracted non-functionalised nanomaterials (MCM-
41-Ext1t&s, MCM-41-Ext2t&s, MCM-41-Ext3t&s and MCM-41-Ext4t&s)
which was due to the shrinkage or sintering of the silica walls after
surfactant removal [30,31]. Nanomaterials that were extracted at 60C
for 6 h in HCl/MeOH solvent (MCM-41-Ext4t and MCM-41-Ext4s) had
slightly higher 26 values than those extracted in HCl/EtOH solvent at
60C for 6 h (MCM-41-Ext2t and MCM-41-Ext2s).

A decrease in 20 values and peak intensity was noticed in co-
condensed amino-functionalised materials and was more prominent in
MCM-41-Co4t and MCM-41-Co4s. This could be due to amino groups
within the mesopores [32,33], which might have caused a decrease in
their structural order [34,35]. Co-condensed amino functionalised
nanomaterials were observed to have less structural order compared to
post-grafted amino functionalised nanomaterials.

Shifts in the 20 value of diffraction peak (1 00) were observed in the
nanomaterials, as seen in Table 2. These shifts can be attributed to the
structural changes that occurred during surfactant removal and the
grafting of amino groups. Inter-planar spacing djgp and the hexagonal
unit cell parameter (a,) of the nanomaterials were calculated using the
equations 2dsinf = A (Bragg’s equation) and 2d100 \/ 3, respectively [2].

BET analysis of synthesised MSNs

The nitrogen adsorption/desorption isotherms of the synthesised

nano-materials are given in Fig. 2a and b. Fig. 2a(ii), 2a(iii), 2a(iv), 2a
(vii), and 2b(ii) isotherms exhibited type IV with hysteresis loops ac-
cording to IUPAC nomenclature which is typical of mesoporous silica
nanoparticles [37]. Transformation in the BET isotherm curves of the
parent nano-materials (MCM-41-Calt and MCM-41-Cals) from type IV to
type II was observed in some of the nano-materials after surface func-
tionalisation and surfactant removal. This could result from pore
blockage caused by amino groups on silica surfaces and the incomplete
removal of surfactants from the pores [38,39,40]. The isotherms pre-
sented in Fig. 2a(i), (v), (vi), (viii), (ix), (x), (xi), (xii), (xiii) and 2b (i),
(iii ~ xiii) can be categorised as type II.

The porosity of the nanomaterials in terms of their specific surface
area (Sggr), pore size diameter, and volume were determined using ni-
trogen adsorption—desorption isotherms obtained in Fig. 2a and b. These
properties are listed in Table 2. From their specific surface area and pore
volumes, BET analysis was used to verify the presence of amino groups
in the functionalised nanomaterials and to evaluate the extent of sur-
factant removal from the nanomaterials. The Ny adsorption analysis of
all the nanomaterials revealed that after grafting with amino groups, a
drastic decrease in the surface areas and pore volumes was observed,
corresponding with similar literature [25,28]. The decrease was due to
amino groups within and on the surface of the mesoporous channels of
the nanomaterials.

Co-condensed amino-functionalised materials were observed to have
larger specific surface areas compared to post-grafted amino-function-
alised nanomaterials. This could be due to the controlled loading and
distribution of organic functional groups within and outside the co-
condensed materials’ silica surfaces, which is difficult to achieve in
post-grafted materials [41]. Organic functional groups are mostly
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Table 2
Crystallographic parameters observed in synthesised nanomaterials.
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No. Nano-materials 20 digp (nm) a, Sper (M2/g) Vp Pore size Pore size Wy (nm)
Silica source: TEOS (nm) (cms/g) Wajy (nm)
1 As-synthesised MCM-41 t 2.41 3.66 4.23 25.16 0.067 1.05 1.51
2 MCM-41-Calt 2.69 3.28 3.79 860.51 0.606 2.82 2.87
3 MCM-41-Ext1t 2.45 3.60 4.16 164.28 0.499 3.21 2.98
4 MCM-41-Ext2t 2.49 3.54 4.09 613.01 0.598 3.01 3.09
5 MCM-41-Ext3t 2.47 3.57 4.13 187.23 0.173 3.70 217
6 MCM-41-Ext4t 2.52 3.50 4.05 680.82 0.556 3.26 2.99
7 MCM-41-Colt 2.35 3.76 4.34 23.62 0.089 2.41 1.76
8 MCM-41-Co2t 2.38 3.69 4.27 39.52 0.1092 1.22 1.78
9 MCM-41-Co3t 2.37 3.72 4.30 27.16 0.096 2.23 1.81
10 MCM-41-Co4t 2.41 3.68 4.25 46.68 0.1264 1.08 1.75
No. Nano-materials 20 dyo0 a, SBET (mz/g) Vp Pore size Pore Size Wy (nm)
Silica source: Sodium silicate (nm) (nm) (cmg/g) Wygy (nm)
1 As-synthesised MCM-41 s 2.33 3.79 4.37 17.10 0.049 1.13 1.36
2 MCM-41-Cals 2.57 3.43 3.96 884.04 1.023 2.62 3.30
3 MCM-41-Extls 2.38 3.71 4.28 143.92 0.319 3.31 2.75
4 MCM-41-Ext2s 2.42 3.65 4.21 524.49 0.417 2.74 2.92
5 MCM-41-Ext3s 2.43 3.63 4.18 298.64 0.457 7.21 2.97
6 MCM-41-Ext4s 2.48 3.56 4.11 591.82 0.539 3.10 3.04
7 MCM-41-Cols 2.26 3.91 4.51 15.949 0.082 5.95 1.84
8 MCM-41-Co2s 2.30 3.84 4.43 28.115 0.097 2.94 1.87
9 MCM-41-Co3s 2.32 3.81 4.39 26.668 0.090 1.49 1.79
10 MCM-41-Co4s 2.35 3.76 4.34 39.871 0.096 3.95 1.82
No. Nano-materials 20 di00 a, Sger (m?%/g) Vp Pore size Pore Size W4 (nm)
(Post-grafted) (nm) (nm) (cm3/g) Wgyg (nm)
1 MCM-41-Post-Calt 2.58 3.42 3.95 43.78 0.079 6.51 1.52
2 MCM-41-Post-Ext2t 2.42 3.65 4.21 17.07 0.067 1.57 1.51
3 MCM-41-Post-Ext4t 2.49 3.55 4.09 19.64 0.050 2.07 1.49
4 MCM-41-Post-Cals 2.60 3.39 3.92 29.04 0.207 2.90 2.19
5 MCM-41-Post-Ext2s 2.46 3.59 4.14 32.34 0.234 2.89 2.42
6 MCM-41-Post-Ext4s 2.51 3.52 4.06 42.76 0.242 2.27 2.40

dyoo = Inter planar spacing, a, = Unit cell dimension, Sggr = BET surface area, V, = Pore volume, Wg;u, Wq = Pore size diameter (nm).

attached to the outer silica surfaces of post-grafted materials, which
could block their mesopores and cause a decrease in their surface areas
[27]. However, post-grafted amino functionalised materials synthesised
from sodium silicate were observed to have slightly larger surface areas
compared to their co-condensed counterparts.

Calcined nanomaterials Cal-MCM-41 t and Cal-MCM-41 s had the
most significant specific surface areas and pore volumes with decreased
pore diameters compared to the solvent-extracted nanomaterials. This
could be due to the decomposition of the surfactant leading to the for-
mation of more pores, structural shrinkage, and sintering of particles at a
high calcination temperature [42].

For surfactant removal, the specific surface area and pore volume
obtained showed that stirring the nanomaterials in an acid/alcohol
medium for 15 min at room temperature led to the partial removal of
surfactant from the mesopores. In contrast, more surfactant was
removed after stirring for 6 h at 60C, as seen in Table 2. The pore size
diameter of the nanomaterials was evaluated using the Barrett-Joyner-
Halenda (BJH) method and a geometrical model according to equa-
tion (1.1).

V7
W, = c.dmo\/(T’ervp) 1.1)

Where “W;” refers to the pore size, “c” is a constant dependent on the
pore’s geometry. For hexagonal models, it is equal to 1.155. “d;” refers
to the XRD inter-planar spacing (100), “V,” denotes the mesoporous
volume, while “p” is the pore wall density and is given as ca. 2.2 cm®g~!
for siliceous materials [43]. The nanomaterials’ BJH and geometrical
pore size diameters were between ~ 1.05 to ~ 7.21 nm and ~ 1.36 to ~
3.30 nm, respectively.

FTIR analysis of synthesised MSNs

FTIR was used to confirm the formation of a silica network and the
presence of amino groups in the synthesised nanomaterials by

evaluating their surface chemistry and verifying the removal of the
surfactant from the mesopores. The FTIR spectra of solvent-extracted
and amino co-condensed nanomaterials MCM-41-Ext2t&s, MCM-41-
Ext4t&s, MCM-41-Co2t&s, and MCM-41-Co4t&s were compared with
As-synthesised MCM-41 t&s and MCM-41-Calt&s as seen in Fig. 3a and c.
Fig. 3b and d show the FTIR spectra of amino post-grafted nano-
materials: MCM-41-Post-Calt&s, MCM-41-Post-Ext2t&s, and MCM-41-
Post-Ext4t&s. The IR spectra of all the nanomaterials revealed trans-
mittance peaks between 3570-3200 cm ™! belonging to hydroxyl
stretching vibrations from silanol groups and adsorbed water molecules
with transmittance peaks between 1650-1590 cm ! from deformed or
twisted vibrations of absorbed water molecules §(HOH).

Transmittance peaks from stretching vibrations of Si-O-Si
(1130-1000 cm’l) and Si-O (1000-900 cm’l) with bending vibra-
tions of Si-OH (950-810 cm ') belonging to silanol groups were also
observed, indicating the formation of silica network [44] in all syn-
thesised nanomaterials. However, shifts to a lower frequency for Si-OH
bending vibrations were observed in all the post-grafted materials. The
amino-functionalised nanomaterials also exhibited peaks that confirmed
the formation of silica networks and modification with amino groups.
Transmittance peaks (895-650 cm 1) and (1650-1550 cm’l) attributed
to N-H bending 8(N-H) and NH, symmetric bending 8(NHy) vibrations,
respectively, were observed in all amino-functionalised nanomaterials
confirming the covalent bonding of amino groups to the silica surfaces of
the nanomaterials [45] and their retention after solvent extraction in the
alcoholic medium at 60C for 6 h.

The transmittance peaks 2940-2915 cm ™' and 2870-2840 cm ™},
which were assigned to asymmetric stretching and symmetric stretching
vibrations of methylene groups (CHj), and the transmittance peaks
1470-1430 cm ™! from CH, bending vibrations of methylene groups, was
due to alkyl ammonium vibrations of surfactant CTAB [46]. Compared
with their as-synthesised nanomaterials, these peaks became weaker
within the solvent-extracted and amino-functionalised (co-condensed
and post-grafted) nanomaterials. This implied that parts of the CTAB
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Fig. 2. (a): N adsorption—desorption isotherms of MCM-41 nanomaterials synthesised using TEOS as silica
source: (i) As-synthesised MCM-41t, (i) MCM-41-Calt, (iii) MCM-41-Ext1t, (iv) MCM-41-Ext2t, (v) MCM-41-Ext3t, (vi) MCM-41-Ext4t, (vii) MCM-41-Colt, (viii)
MCM-41-Co2t, (ix) MCM-41-Co3t, (x) MCM-41-Co4t, (xi) MCM-41-Post-Calt, (xii) MCM-41-Post-Ext2t, (xiii) MCM-41-Post-Ext4t. The supporting dataset can be found
at [36]. (b): Ny adsorption-desorption isotherms of MCM-41 nanomaterials synthesised using Sodium silicate as silica source: (i) As-synthesised MCM-41s, (ii) MCM-
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not seen in the calcined materials due to the complete surfactant
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Thermogravimetric analysis of synthesised MSNs

Thermogravimetric analysis (TGA) was used to evaluate the number
of organic moieties attached to the amino-functionalised nanomaterials
and quantify the amount of surfactant removed from the nanomaterials.
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Fig. 3. (a): FTIR Spectra of MCM-41 nanomaterials synthesised using TEOS as silica

source: (i) As-synthesised MCM-41t, (ii) MCM-41-Calt, (iii) MCM-41-Ext2t, (iv) MCM-41-Ext4t, (v) MCM-41-Co2t, (vi) MCM-41-Co4t. (b): FTIR Spectra of post-grafted
MCM-41 nanomaterials with TEOS as silica source: (i) MCM-41-Post-Calt, (ii) MCM-41-Post-Ext2t, (iii) MCM-41-Post-Ext4t. (c): FTIR Spectra of MCM-41 nano-
materials synthesised using Sodium Silicate as silica source: (i) As-synthesised MCM-41s, (ii) MCM-41-Cals, (iii) MCM-41-Ext2s, (iv) MCM-41-Ext4s, (v) MCM-41-
Co2s, (vi) MCM-41-Co4s. (d): FTIR Spectra of post-grafted MCM-41 nanomaterials with Sodium Silicate as silica source: (i) MCM-41-Post-Cals, (ii) MCM-41-Post-

Ext2s, (iii) MCM-41-Post-Ext4s. The supporting dataset can be found at [36]

The percentage weight loss for the nanomaterials was estimated within
the range of 25C to 800C, and the TGA curves were represented in
Fig. 4a-d. The TGA curves of the calcined and solvent-extracted nano-
materials showed that weight loss occurred at three different tempera-
ture regions. The initial weight loss was between 25C and 150C due to
the thermo-desorption/drying of absorbed water molecules from the
nanomaterials. The second weight loss was between 150C and 450C due
to the decomposition of the surfactant, and the third between 450C and
800C due to the condensation of Si-OH to Si-O-Si [47].

The amount of surfactant in the as-synthesised and calcined nano-
materials was calculated to be 34.27 %, 1.023 %, 50.07 %, and 1.58 %
for as-synthesized-MCM-41 t, MCM-41-call, as-synthesized-MCM-41 s,
and MCM-41-calls, respectively. Solvent-extracted materials had weight
losses of 4.20 %, 6.01 %, 5.21 %, and 9.71 % for MCM-41-Ext2t, MCM-
41-Ext4t, MCM-41-Ext2s and MCM-41-Ext4s, respectively. The data
showed that most of the CTAB molecules had been removed from
nanomaterials, and surfactant removal using methanol as solvent had a

higher surfactant removal efficiency than ethanol.

For amino-functionalised nanomaterials, the weight loss observed
between 300 and 600C can be attributed to the decomposition of amine
groups from their mesopores [28,48]. MCM-41-Co2t, MCM-41-Co4t,
MCM-41-Co2s, and MCM-41-Co4s had 10.69 %, 9.1 %, 14.71 %, and
12.96 % amino groups, respectively. In post-grafted nanomaterials,
MCM-41-Post-Callt, MCM-41-Post-Ext2t, and MCM-41-Post-Ext4t had
8.26 %, 10.07 % and 9.63 % amino groups, respectively, while MCM-41-
Post-Cals, MCM-41-Post-Ext2s, and MCM-41-Post-Ext4s had 6.76 %,
13.60 %, and 10.13 % amino groups, respectively.

SEM of synthesised MSNs

The effect of surfactant removal and surface functionalisation on the
choice of silica source used during synthesis was seen to have some
impact on the morphology of the synthesised materials. SEM images of
non-functionalized and co-condensed amino functionalised
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Fig. 4. (a): TGA curves of MCM-41 nanomaterials synthesised using TEOS as
silica .

source: (i) As-synthesised MCM-41t, (ii) MCM-41-Calt, (iii) MCM-41-Ext2t, (iv)
MCM-41-Ext4t, (v) MCM-41-Co2t, (vi) MCM-41-Co4t. (b): TGA curves of post-
grafted MCM-41 nanomaterials with TEOS as silica source: (i) MCM-41-Post-
Calt, (i) MCM-41-Post-Ext2t, (iii) MCM-41-Post-Ext4t. (¢): TGA curves of MCM-
41 nanomaterials synthesised using Sodium Silicate as silica source: (i) As-
synthesised MCM-41s, (i) MCM-41-Cals, (iii) MCM-41-Ext2s, (iv) MCM-41-
Ext4s, (v) MCM-41-Co2s, (vi) MCM-41-Co4s. (d): TGA curves of post-grafted
MCM-41 nanomaterials with Sodium Silicate as silica source: (i) MCM-41-
Post-Cals, (ii) MCM-41-Post-Ext2s, (iii) MCM-41-Post-Ext4s. The supporting
dataset can be found at [36]

nanomaterials synthesised with tetraethyl orthosilicate are presented in
Fig. 5a-g. Spherical-shaped particles with smooth surfaces were
observed in As-synthesized-MCM-41t (Fig. 5a), which was preserved
after calcination. The spherical-shaped nanoparticles MCM-41-Calt
(Fig. 5b) obtained after calcination suggest that a high rate of silica
condensation occurred during their synthesis, leading to their spherical
formation [1,2]. Spherical-shaped nanoparticles MCM-41-Ext4t
(Fig. 5d) with larger particle sizes were observed after as-synthesized-
MCM-41t was treated in HCl/MeOH. This could be attributed to less
structural shrinkage from solvent extraction at a lower temperature than
calcination, requiring a higher temperature. Also, the aggregation of
smaller particles to form larger particles is thermodynamically enhanced
at lower temperatures [49]. In contrast, well-dispersed rod-like nano-
particles MCM-41-Ext2t (Fig. 5¢) were observed after treatment in HCl/
EtOH solvent, which could result from the choice of solvent, stirring
time, or intensity used during solvent extraction. During synthesis, al-
cohols have been reported to affect the structural morphology of hollow
spherical-shaped MCM-41 nanomaterials [50]. At the same time, those
with long chains have also been reported to create new morphological
phases from existing ones. For instance, hexanol was used to transit
MCM-41 from a hexagonal to a lamellar phase by Argen et al. [52,51].
However, Boukoussa et al. reported a change in the morphology of Si-
MCM-41 from elongated agglomerates to rod-like nanoparticles after
solvent extraction in HCI/EtOH solvent for 2 h at 60C [52].

For amino-functionalised nanomaterials (Fig. S5e-g), an agglomerate
of spherical-shaped nanoparticles with non-uniform size distribution
was observed before solvent extraction (MCM-41-Cot). This could be
attributed to fluctuations in the dropping rate of TEOS or APTES during
synthesis, which causes uneven silica precipitation [53]. After solvent
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extraction, the spherical-shaped nanoparticles were retained with less
agglomeration, as seen in Fig. Se and Fig. 5f, suggesting that the alcohols
used for solvent extraction reduced particle agglomeration [54].

The SEM images of non-functionalized and co-condensed amino
functionalised nanomaterials synthesised with sodium silicate are pre-
sented in Fig. 6a-g. It was observed that as-synthesised-MCM-41s
(Fig. 6a) had a sheet-like structure, which broke down after calcination
to form an agglomerate of tiny spherical particles MCM-41-Cals
(Fig. 6b). This indicates that the particles were formed by the aggrega-
tion of very fine nano-sized particles. Solvent-extracted nanomaterials
MCM-41-Ext2s had wire-like particles (Fig. 6¢). At the same time, MCM-
41-Ext4s formed an aggregate of sponge-like particles (Fig. 6d). The
amino-functionalised nanomaterials (Fig. 6e-g) before (MCM-41-Cos)
and after solvent extraction retained their aggregate of spherical shapes.

The SEM images of the post-grafted nanomaterials are shown in
Fig. 7a—f. Post-grafted nanomaterials MCM-41-Post-Calt, MCM-41-Post-
Ext2t, and MCM-41-Post-Ext4t (Fig. 7a—c) retained their spherical and
rod-like shapes before and after post-grafting while an aggregate of
nanomaterials was observed in post grafted MCM-41-Post-Cals, MCM-
41-Post-Ext2s and MCM-41-Post-Ext4s (Fig. 7d-f).

TEM of synthesised MSNs

The TEM images of the calcined nanomaterials MCM-41-Calt, MCM-
41-Post-Calt, MCM-41-Cals, and MCM-41-Post-Cals (Fig. 8a—d), respec-
tively, were obtained to determine the porosity of the nanomaterials.
The calcined nanomaterials revealed dark and white spots representing
the pore system of the nano-materials. The dark spots could be attrib-
uted to the presence of oxygen and silica atoms on the walls of the
nanomaterials, and the white spots might indicate the presence of
mesopores [55]. MCM-41-Cals (Fig. 8c) revealed long strips, indicating
that the mesoporous material had long-range channels [56] and was
more orderly compared to MCM-41-Calt (Fig. 8a). After amino func-
tionalisation, there were changes in the structure ordering and pore
structure of the functionalised nanomaterials. MCM-41-Post-Calt
(Fig. 8b) and MCM-41-Post-Cals (Fig. 8d) had less prominent pore
structures with smooth surfaces compared to their parent nanomaterials
MCM-41-Calt (Fig. 8a) and MCM-41-Cals (Fig. 8c). This was similar to a
report by Du et al., 2019 [57], where post-grafted amino functionalised
nanomaterials were synthesised using TEOS as a silica source. Less
structural ordering was also observed in MCM-41-Post-Cals as the long
strips indicating long-range channels seen in MCM-41-Cals were absent.

Conclusion

The study demonstrated that various non-functionalised and amino-
functionalised nanomaterials with different physicochemical and
textural properties can be synthesised using different silica sources,
surfactant removal methods, and surface functionalisation schemes.
MCM-41 nanomaterials were synthesised using tetra ethyl orthosilicate
and sodium silicate as silica sources and surface functionalised with
amino groups employing co-condensation and post-grafting methods.
MCM-41 nanomaterials synthesised with sodium silicate were observed
to have less mesoporous ordering compared to their TEOS counterparts.
Also, co-condensed amino functionalised nanomaterials produced less
orderly mesoporous structures from both silica sources than their post-
grafted counterparts. The effect of surfactant removal methods, calci-
nation, and acid solvent extraction methods on the physicochemical and
textural properties of non-functionalised and amino-functionalised
nanomaterials was evaluated. An increase in the 20 values of non-
functionalised nanomaterials with a decrease in their d-spacing and
unit-cell parameters was observed.

In contrast, a decrease in the 20 values and increased d-spacing and
unit-cell parameters were noticed in amino-functionalised nano-
materials synthesised from both silica sources. After solvent extraction,
BET and FTIR studies confirmed that amino groups were retained within
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Fig. 5. SEM images of MCM-41 nanomaterials synthesised using TEOS as silica
source: (a) As-synthesised MCM-41t, (b) MCM-41-Calt, (c) MCM-41-Ext2t, (d) MCM-41-Ext4t, (e) MCM-41-Cot, (f) MCM-41-Co2t, (g) MCM-41-Co4t
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Fig. 6. SEM images of MCM-41 nanomaterials synthesised using sodium silicate as silica .
source: (a) As-synthesised MCM-41s, (b) MCM-41-Cals, (c) MCM-41-Ext2s, (d) MCM-41-Ext4s, () MCM-41-Cos, (f) MCM-41-Co2s, (g) MCM-41-Co4s
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. 4 e

Fig. 7. SEM images of MCM-41 nanomaterials synthesised using TEOS and Sodium silicate as silica
source: (a) MCM-41-Post-Calt, (b) MCM-41-Post-Ext2t, (¢) MCM-41-Post-Ext4t, (d) MCM-41-Post-Cals, (e) MCM-41-Post-Ext2s, (f) MCM-41-Post-Ext4s

the silica frameworks. TGA analysis showed that methanol was a better solvent extraction and the surface functionalisation method employed.
solvent for removing surfactant from the solvent-extracted nano-

materials. The SEM images of the synthesised nanomaterials revealed CRediT authorship contribution statement
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Fig. 8. TEM images of the calcined nanomaterials: (a) MCM-41-Calt, (b) MCM-41-Post-Calt, (c) MCM-41-Cals, (d) MCM-41-Post-Cals.
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