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Nowadays, silica nanoparticles are gaining tremendous importance because of their wide applications
across different domains such as drug delivery, chromatography, biosensors, and chemosensors. The
synthesis of silica nanoparticles generally requires a high percentage composition of organic solvent in
an alkali medium. The eco-friendly synthesis of silica nanoparticles in bulk amounts can help save the
environment and is cost-effective. Herein, efforts have been made to minimize the concentration of
organic solvents used during synthesis via the addition of a low concentration of electrolytes, e.g., NaCl.
The effects of electrolytes and solvent concentrations on nucleation kinetics, particle growth, and
particle size were investigated. Ethanol was used as a solvent in various concentrations, ranging from
60% to 30%, and to optimize and validate the reaction conditions, isopropanol and methanol were also
utilized as solvents. The concentration of aqua-soluble silica was determined using the molybdate assay
to establish reaction kinetics, and this approach was also utilized to quantify the relative concentration
changes in particles throughout the synthesis. The prime feature of the synthesis is the reduction in
organic solvent usage by up to 50% using 68 mM NaCl. The surface zeta potential was reduced after the
addition of an electrolyte, which made the condensation process faster and helped reaching the critical

aggregation concentration in a shorter time. The effect of temperature was also monitored, and we
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Accepted 25th January 2023 obtained homogeneous and uniform nanoparticles by increasing the temperature. We found that it is

possible to tune the size of the nanoparticles by changing the concentration of electrolytes and the
temperature of the reaction using an eco-friendly approach. The overall cost of the synthesis can also be
reduced by ~35% by adding electrolytes.

DOI: 10.1039/d2na00872f

rsc.li/nanoscale-advances

is the monomer addition where primary seed formation by
TEOS hydrolysis is the initial stage, followed by the growth of

1. Introduction

The widespread application of silica nanoparticles in the
domains of drug delivery, chromatography, biosensors and
chemosensors*™ demands a robust, efficient method for the
synthesis of highly monodisperse, spherical, colloidal silica
nanoparticles. The synthesis of silica nanoparticles extensively
depends upon the hydrolysis of silicon alkoxide/TEOS by
ammonia catalysis and subsequent condensation of the silanol
monomer. These two processes are collectively known
as Stober's method of silica nanoparticle synthesis.® The growth
of nanoparticles is generally described by two models: first one

“Department of Chemistry, Cooch Behar Panchanan Barma University, Cooch Behar,
West Bengal, India 736101. E-mail: goutam@cbpbu.ac.in

*Department of Biochemical Engineering and Biotechnology, Indian Institute of
Technology Delhi, New Delhi, India 110016

‘Department of Chemistry, Cooch Behar College, Cooch Behar, West Bengal, India
736101. E-mail: snehasisbhakta@coochbeharcollege.org.in
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d2na00872f

1386 | Nanoscale Adv., 2023, 5, 1386-1396

the seed by the deposition of hydrolyzed silanol monomer over
it.>” Another method is the aggregation-only model, where
simply aggregating the primary seed followed by surface
attachment of silanol monomer leads to the particle growth.®®
The monomer addition model explains the monodispersed
particle synthesis at high ammonia concentrations and the
aggregation-only model describes the polydisperse particle
synthesis at lower concentrations of ammonia.'>"* Han et al.*?
supported the growth mechanism by proposing two pathways.
Pathway I is the incubation stage where the nucleation/growth
of the silica particle is determined by TEOS hydrolysis and
pathway II is the size enlargement of the silica particle via
condensation, simply by adding the newly formed silica
monomer. Ammonia-catalyzed particle synthesis is time-
consuming and most of the synthesis requires 7-24 h.*™*°
Bhakta et al'® employed a NaOH-catalyzed method and
observed a quick polymerization and growth process that
eliminated the particle seeding behavior.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Various solvents and solvent mixtures were utilized in the
cited literature to investigate the influence of polarity on the
kinetics of hydrolysis and condensation. As the polarity of the
protic solvent increases, the strength of H-bonding with the
hydroxyl group increases, slowing the hydrolysis of TEOS.
Thus, methanol as a solvent should be responsible for the
slowest rate and going towards the higher branched alcohols
should make it faster. Another factor is the steric effect, which
completely opposes the previous statement meaning that
methanol having the smallest alkyl group contributes least to
the steric hindrance and makes the hydrolysis process faster;
these two theories are contradictory.'”*® Atul et al.*® worked
with different organic solvents starting from short-chain to
long-chain carbon to understand the role of solvents in
kinetics in a wide range and reported that the rates of
hydrolysis and condensation are fastest in a ~1: 1 mixture of
ethanol : decanol and are slowest in pure ethanol. This indi-
cates that on lowering the polarity of the solvent medium, the
rates of hydrolysis and condensation increase. The size of the
nanoparticle also depends on the solvent polarity; a less polar
solvent, ie., ethanol and decanol in a 1:1 mixture gives
a larger particle of around 2 um and only ethanol gives
particles of less than 500 nm.* Delyan et al.*® reported that
solvent polarity plays a crucial role in the nucleation and
growth of nanoparticles. Diluting TEOS with the co-solvent
(ethanol, butanol, isopropanol, and cyclohexane) affects the
monomer transfer rate at the organic/aqueous interface.
Solvents with low polarity where the phase separation is
higher due to poor solvation of TEOS, lower the transfer rate
and finally lower the supersaturation concentration, which is
responsible for the larger particle size and refers to the
secondary nucleation theory.>®

The added electrolyte in the reaction mixture creates
a crucial effect on particle size. The increased ionic strength of
the solution promotes particle coagulation.* The adsorption of
cationic species on silica nanoparticles reduces the surface
potential and thus promotes the aggregation of the silanol
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monomer at the initial reaction stage. Highly monodispersed
micrometer-sized particles were synthesized by using LiCl,
NaCl, and KCl and the order of sizes of silica particles in pres-
ence of electrolyte was LiCl < NaCl < KC1.** Thus, adding elec-
trolytes to the solvent mixture can increase the rate of formation
of silica nanoparticles. In terms of the industrial production of
silica nanoparticles, a green, sustainable*®* and low-cost®
synthesis would be highly accomplished. Therefore, we tried to
decrease the concentration of organic solvent during the
synthesis, which would be environmentally friendly as well as
cost-effective.

Despite the abundance of literature on silica nanoparticle
synthesis and detailed analysis in different solvent systems, to
our best knowledge, there have been no reports on the effect of
depleted organic solvent in the synthesis. The most common
method and widely used industrial synthesis for silica nano-
particles is the Stober method. The main drawback of this
method is that it requires a high amount of ammonium
hydroxide as the base and a higher reaction time. There are lots
of green methods®»**** in which extracted natural resources are
used to synthesize the silica nanoparticle and other metal and
non-metal-based nanoparticles are employed but herein, we
have developed a chemical method involving NaOH-catalyzed
silica nanoparticle synthesis in the presence of electrolytes to
minimize the use of organic solvents in the reaction medium to
make it eco-friendly as well as industry-friendly. To understand
the particle growth phenomenon, we varied the solvent
composition, starting from a higher solvent concentration to
a lower one, and compared the particle growth rate and size
distribution of electrolytic as well as non-electrolytic processes.
The correlation between the final particle size distribution and
solvent properties was depicted, and we established a trend in
order of size, stability, and polydispersity by changing the
solvent and solvent compositions. Different organic solvents,
e.g., ethanol, methanol, and propanol, were employed and with
the addition of a very low concentration of NaCl, we were able to
reduce the organic solvent content significantly to obtain
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Scheme 1 Schematic representation of silica nanoparticle synthesis using an electrolyte.
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monodisperse silica nanoparticles. The particles were thor-
oughly characterized and the kinetics of the growth was also
established to understand the mechanism using the molybdate
assay by measuring the soluble silica concentration. Using
different electrolytes like LiCl, NaCl, KCl, and CsCl, we
compared the sizes of the particles and tried to understand the
roles of different electrolytes during particle growth. The sizes
of SINP are tunable with varying electrolyte concentrations
(Scheme 1).

2. Experimental
2.1 Materials

Tetraethyl orthosilicate (TEOS 98%, Sigma Aldrich), sodium
hydroxide (NaOH, Loba Chemie), sodium chloride (NaCl,
Merck), ethanol (99%), methanol (99%, Rankem), isopropanol
(SRL Chemicals), Milli-Q water and all other reagents were used
without further purification.

2.2. Synthesis

The synthesis of silica nanoparticles was carried out in different
alcoholic (ethanol, methanol, and propanol) medium with
concentrations ranging from 60% to 30%, using NaOH as the
base catalyst. The NaOH-assisted reaction mainly proceeds via
the initial rapid nucleation of silicic acids followed by
a condensation pathway to produce white nanoparticles.
Different amounts of electrolytes were mixed and the optimized
amount of the electrolytes was used to synthesize particles,
especially at the lower concentration of the alcoholic solution.
To obtain the 16 mM concentration of NaOH, 200 pL of 2 N
NaOH was mixed with 20 mL of alcoholic solution in a 100 mL
round-bottom flask. The mixture was then agitated at 600 rpm
for 5 min, and finally 400 pL TEOS was added to the mixture to
obtain the 90 mM TEOS concentration. The reaction was per-
formed for 90 min. at a stirring speed of 600 rpm. Then, NacCl,
as an electrolyte, was added in catalytic amounts to the solvent
composition of 40% and 30% ethanol and the optimized
concentrations of the electrolyte were 0.034 M and 0.068 M as
given in Table S1, ESL.{

2.3. Analysis of silicic acid/soluble silica concentration
change by molybdate assay

The silica precursors, i.e., monomers, dimers, and trimers of
ethoxy silane and unreacted TEOS, are collectively known as
soluble silica. During the synthesis of silica nanoparticles, this
soluble silica concentration was measured at a specific time
interval.>* A 500 pL sample was taken from the reaction mixture
and centrifuged for 2-3 min at 3500 rpm to settle the silica
nanoparticles. The supernatant containing the soluble silica
was then treated with 250 pL of 0.265 M ammonium molybdate,
250 uL (1 N) HCl, 250 pL (0.27 M) Na,EDTA to get a straw-yellow
color of silicomolybdic acid. After 10 min, this silicomolybdic
acid was treated with 250 pL of 0.67 M tartaric acid and finally, it
was reduced to a blue colored compound by adding a 500 puL of
1.35 M sodium sulfite (Fig. S11). The absorbance of the blue-

colored solution was measured using a UV-Vis
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spectrophotometer (Thermo Fisher
a maximum wavelength of 690-700 nm.>®

Evolution 201) at

2.4. Particle size analysis

The white SiNP was collected by centrifugation at 3500 rpm for
5-6 min, washed three times with deionized water, and finally
with ethanol. The particles were dried for 5 h at 60-70 °C in
a vacuum oven. The colloidal form of nanoparticles was used
for the particle size distribution (PSD) study by dynamic light
scattering (Anton Parr Litesizer 500), and size by transmission
electron microscopy (TEM, JEOL JEM-1400). The dried parti-
cles were used for characterization by Fourier transform
infrared spectroscopy (FTIR) in ATR mode (Nicolet iS50,
Thermo Fisher).

3. Results and discussion

3.1. Characterization

TEM images (Fig. 1a) of SiNPs synthesized using 50% ethanol
showed that the particles were highly monodisperse and their
sizes were in between 700-800 nm. The FT-IR spectra (Fig. 1b)
were obtained for the SiNP synthesized using 50% ethanol in
the absence of electrolyte and 40%, 30% ethanol with elec-
trolyte. All the spectral patterns had similar absorption peaks,
and strong bands were observed at 1100 cm ™" for asymmetric
stretching and at 800 cm ™" for the symmetric stretching of Si-
0O-Si.*” The crystalline phase of the sample was determined by
XRD measurements (Rigaku Ultima-IV). Radial scans of
intensity versus scattering angle (26) were recorded from 5° to
80°. The X-ray diffraction of silica showed a peak at 22.5° in
both the nanoparticles (Fig. 1c), which is typical for amor-
phous silica.?®**

3.2. Growth and PSD analysis

In order to minimize the concentration of alcohol as well as the
amount of base used for the SiNP synthesis, we envisioned that
the synthetic route designed for the SiNP favors condensation
over hydrolysis under mild basic conditions where NaOH as
a catalyst helps in the nucleation process and the solvent assists
the burst nucleation by achieving the critical aggregation
concentration (CAC) of silicic acid. As discussed previously,
alcohol concentration plays a vital role in TEOS solvolysis. TEOS
is soluble in concentrated alcoholic solvents, while on diluting
the solvent, it phases out and affects the monomer or silicic acid
generation. According to Bhakta et al., in 1 : 1 aqueous ethanolic
solvent in the presence of NaOH, hydrolysis becomes faster. In
the first 20 min, the concentration of hydroxyl ion decreases
rapidly, which suggests that NaOH acts as a catalyst and helps
in nucleation followed by the condensation process.*® Nucle-
ation and growth of the particle are two integral parts of this
condensation process. Our experiments suggest that in
a diluted alcoholic solvent like 40%, 30%, and so on, the silicic
acid changes its concentration slowly (Fig. 2a), and fails to
achieve the quick CAC/supersaturation point where no such
siloxane network/cluster leads to the formation of primary seed
and ultimately ends up with ‘no particle’ generation. This

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of silica nanoparticles (a) TEM analysis of SiNPs synthesized using optimized electrolytic concentrations. (b) FTIR spectra
of SiNPs synthesized using electrolytic and non-electrolytic pathways in different compositions of ethanol. (c) XRD patterns of SiNPs synthesized

using electrolyte and non-electrolyte-assisted pathways.

problem regarding primary nucleation, especially in the case of
30% and 40% alcoholic solvent, has been solved by using an
electrolyte. The nanoparticle formation study by molybdate
assay (Fig. S1t) gives higher Cxp/Cs, values as compared to the
non-electrolytic process (Fig. 2b). This refers to high nucleation

Cnp = (conc. of initial silicic acid — conc. of silicic acid in
specific time) = concentration of nanoparticles. Cs, = concen-
tration of initial silicic acid.

The homogeneity in particle size distribution is maximum in
the case of 60% ethanolic solvent, and going towards the
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Fig. 2

(@) Changes in the relative concentration of silica nanoparticles with time. Varying the ethanol concentration from 60% to 30%. (b)

Comparing the electrolytic and non-electrolytic processes in 30% and 40% ethanol.
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(a) Particle size distribution (PSD) of different alcoholic concentration systems: 30% and 40% alcohol with electrolyte and without

electrolyte; 50%, and 60% alcohol non-electrolyte systems. (b) Histogram of the particle size distribution (PSD) obtained from a TEM study of
synthesized particles using 50% ethanol. (c) TEM image of particles synthesized using 67 mM electrolyte and 30% ethanol. (d) Histogram of the
particle size distribution (PSD) obtained from a TEM study of particles synthesized using 67 mM electrolyte and 30% ethanol.

homogeneity/monodispersity decreases. The burst nucleation
in the 60% alcoholic system leads to a narrow particle size
distribution (PSD). When compared to other solvent systems
(Fig. 3a), the silicic acid concentration in 60% ethanolic solvent
is the highest (Fig. 2a), which helps to increase the silicic acid
critical aggregation concentration/supersaturation concentra-
tion for burst nucleation. Diluted solvent systems like 30% and
40% alcoholic compositions have problems with the slow
primary seed formation, while using an electrolyte brings down
the surface charge, i.e., zeta potential (values are given in Table
2) as comparable to 60% and 50% non-electrolytic alcoholic
systems, which helps to aggregate the initial hydrolyzed
precursor to obtain the CAC. The zeta potential is the electro-
kinetic potential of colloidal particles and this value indicates
the amount of electrostatic repulsion between the same-
charged particles. Hence, particles with low zeta potentials
have a high tendency toward aggregation.*®

Particles obtained using the optimized 67 mM electrolyte
concentration and 30% ethanol have a characteristic spherical
shape (Fig. 3¢) with a size range of 400-500 nm. The histogram
obtained from the TEM analysis suggests that both the elec-
trolytic and non-electrolytic cases resulted particles with good
homogeneity (Fig. 3b, d, and S2 in the ESI}). The 50% ethanol
system gives quite larger particles in the 700-800 nm range.
This observation and data suggest that using a low organic
solvent concentration in conjugation with optimized electro-
lyte concentration can increase the uniformity of SiNPs. The
obtained TEM images also support that the modified compo-
sition during the synthesis of SiNP produces particles with

1390 | Nanoscale Adv, 2023, 5, 1386-1396

comparable size and shape to the previously established
method."®

3.3. Kinetics study

In the Stober method, hydrolysis and condensation steps follow
first-order kinetics but the overall kinetics is second-order.”**"
Ammonium hydroxide-mediated Stober synthesis of SiNP
follows the hydrolysis of TEOS through the Sy2 pathway' to
form monohydroxy alkoxy silane, which upon further hydrolysis
gives water-soluble hydroxy silane or monomeric silicic acid.***
These monomeric units after condensation produce dimers,
trimers and oligomers. Partially hydrolyzed TEOS also partici-
pates in condensation with unhydrolyzed TEOS to form silica
nano seeds. All of this form of silica nanoseed is finally
condensed to form the SiNP. Aceloin et al. studied the kinetics
of TEOS hydrolysis using NaOH in a methanol medium using
the Karl-Fischer titration method and found that hydrolysis is
first-order and depends upon the concentration of TEOS and
hydroxyl ions.** After hydrolysis, the initial nucleation is quite
fast using NaOH as a catalyst.

To establish and support the above-stated mechanism, we
investigated the reaction using a kinetics study where we
calculated the change in the silicic acid concentration using
a molybdate assay. It was a time-limited kinetics study where no
such reactant was added during the progress of the reaction. At
the very initial stage, when the reaction mixture was free from
any primary seed, the silicic acid was collected from the reaction
mixture to determine the initial amount, and it was considered
the highest concentration. After 2-3 min of reaction, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Variation of rate constant values using different concentra-
tions of electrolyte and solvents

Solvent Electrolyte R K (min™)
60% ethanol Not used 0.96 0.035
50% ethanol Not used 0.95 0.030
40% ethanol Not used 0.96 0.023
30% ethanol Not used 0.88 0.015
40% ethanol 0.034 M 0.93 0.047
30% ethanol 0.068 M 0.95 0.036
30% isopropanol 0.014 M 0.99 0.036

mixture became milky white while stirring and resulted the
formation of primary silica seed. This seed generation from
different mono-di-oligomeric units and silicic acid produced
from unreacted TEOS occurred simultaneously. In this kinetics
study, we did not consider the unreacted TEOS as a reactant and
assumed that only hydrolyzed TEOS or silicic acid participated
in the condensation step. This assumption is quite realistic as -
OEt(ethoxy) groups in the partially or unhydrolyzed TEOS
inhibited the condensation process by imparting steric
hindrance. Our experiments to determine the Cyp/Cs, (Fig. 2a)
suggests that a major concentration change in silicic acid
occurs during the initial nucleation, i.e., within 20-30 min, and
in the next part of the reaction the generated primary silica
nano seed is condensed, followed by nanoparticle synthesis.
This statement is also supported by Bhakta et al., who isolated
the intermediates during the progress of the reaction and found
only the growth of the nanoseeds as long as the reaction
continued.*

Therefore, the goal was not to study the overall kinetics of the
reaction but to establish the effect and benefit of using elec-
trolytes in an alcoholic medium. Hence, we calculated only the
rate constant of nucleation or seed formation from silicic acid
by using the first-order kinetic model and we got R* values of
0.93 and above, which is in the acceptable range (Table 1). The K
values suggest that the electrolytic processes are faster than
non-electrolytic processes in a 30% ethanol medium. The data
further justify our observation and discussed in Section 3.1

View Article Online
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about the particle formation using an electrolyte in a 30%
alcoholic medium. Further, the kinetics of particle synthesis
were compared by using different solvent and electrolyte
compositions (Table 1) to determine the effect on reaction rate
while changing the composition from 30% ethanol with elec-
trolyte. It was found that the K values for 60% non-electrolyte
and 30% electrolyte systems were similar. It was also evident
from the rate of formation of particles that a 30% ethanol-
electrolyte system is comparable with the high alcoholic

composition in terms of producing similar types of
nanoparticles.
[Silica NP] = Ksilicic acid] (1)
1. (Co
k=-In(— 2
() ©)

C, =silicic acid conc. at ¢ time, C, = initial silicic acid conc., K =
rate constant.

The different rate constant data for nanoparticle synthesis in
different solvent compositions and also in the presence of
electrolytes is given in Table 1.

3.4. The effects of electrolytes

The rate constant data from the kinetic studies suggests that the
electrolyte has a significant impact on the nucleation process.
In addition, the electrolyte has an important role in particle size
determination which was proved while optimizing the electro-
lyte concentration. The presence of the electrolyte helps to bring
down the negative charge of the particle surface and aggregate
the monomer particle seeds. Considering one solvent system,
30% ethanol in the presence of 0.080 M NaCl gave particles >1
um, £ —30.2 mV, and 0.074 M NacCl led to 800 nm, { —31.2 mV,
while 0.068 M NacCl produced 307 nm, { —31.6 mV particles in
DLS measurement. This data explains that a small change in the
concentration of electrolyte can reduce the surface potential of
particles to an extent, which is enough to decrease the particle
size. The Na' ions present in the electrolyte decrease the
negative surface potential of the particles (Table 2), which
decreases the particle-particle repulsion and allows the parti-
cles to come in close proximity for agglomeration. Solvents with

Table 2 The variation of size distribution with the polydispersity index (PDI), and the average size, and zeta potential values

Electrolyte Average hydrodynamic size Zeta potential
Solvent (M) PDI (%) (nm) (mv)
60% ethanol — 4.5 376 —64.4
0.014 40.5 >1000 —36.4
50% ethanol — 9.6 237 nm —47.6
0.02 27.7 >1000 —33.8
40% ethanol — — No particle was formed —
0.034 15.4 309 -39
30% ethanol — — No particle was formed —
0.068 26.1 307 —-31.6
30% methanol — — No particle was formed —
0.068 26.3 270 —29.8
30% isopropanol — 14.9 158 —62.4
0.014 2.4 481 —60.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Hydrodynamic sizes and surface zeta-potentials of silica
nanoparticles obtained by using different electrolytes

Electrolyte concentration  Particle size ~ Zeta potential

Electrolyte (mM) (nm) (mv)
LiCl 67 431 —25
NaCl 67 543 —31.2
KCl 67 1226 —52.6
CsCl 67 1679 —66.4
20 4
— ——Licl
X NaCl
~ 45 ——Kal
_5 csCl
R
S
2 104
@ a
(=]
54
0 T T T 1
1 10 100 1000 10000
Size (nm)

Fig. 4 Size distribution of particles while maintaining 67 mM elec-
trolyte concentration in 30% ethanolic solvent.

low alcohol content slowly attain the supersaturation point.
This barrier can be overcome by the addition of an electrolyte
because of its substantial ability to decrease the surface charge
or zeta potential to aggregate the monomer units and facilitate
further seed formation by allowing the unreacted TEOS to be
hydrolyzed faster. The overall process ultimately increases the
rate constant of SiNP formation. An electrolyte in high
concentration generates large particles with high polydispersity,
which indicates the non-uniform condensation and aggregation
of particles at high electrolytic concentrations.

This is indicated in the zeta potential data given in Table 2,
using the same amount of electrolyte in two different solvents,
ethanol and methanol, gives particles with different surface
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potentials; i.e., the change in the zeta potential of a particle is
not only governed by the electrolytes but also by solvent polarity.

We tried to understand the role of electrolytes in this aspect.
LiCl is generally more covalent compared to NaCl, and similar
trends are followed for KCl and CsCl as the size of the cation
increases. In addition, since the ionic character increases from
LiCl to CsCl, an interesting change in particle size with
changing the electrolytes was observed (Table 3). The particle
size increased and the surface zeta-potential also became more
negative. The increasing ionic character of electrolytes helps to
bring down the surface potential in the initial stage of aggre-
gation simply by neutralizing the negative charge of the OH™
ions of silicic acid by counter cationic positive charge and finally
forming particles with large sizes; however, the final zeta values
are highly negative and they increase with the particle size. This
could be due to the higher surface area of larger particles with
more available OH™ ions, which is reflected in their zeta
potentials (Fig. 4).

3.5. The role of solvent composition on the reaction kinetics
and the size of SiNP

Understanding the role of different solvents and solvent
mixtures has already been extensively studied in various
reports®>*® but no such details are available on the reaction
kinetics and the size while changing solvent compositions. It
was already established that the hydrolysis rate constant in the
Stober process increases with the carbon number in the
solvent,®” whereas some of the work has shown that the
hydrolysis constant increases with increasing the solvent
polarity and decreases with increasing the solvent steric
hindrance.” In our experiment, NaOH as a base was employed
for fast nucleation™ to initiate the condensation process, i.e., at
first the monomer seed generation and its addition to give
a final particle upon the condensation process. The kinetic
constant data obtained from our process is commensurate with
the explanation using the critical aggregation concentration
(CAC) theory. TEOS is highly soluble in a solvent where the
alcohol content is higher, i.e., 60% alcohol is the best choice in
our experimental conditions but the silicic acid is less soluble in
this depleted aqueous environment, which actually helps to

—=— 30% methanol+ elec
14 1—s— 30% ethanol+elec.
—— 30% isopropanol+ elec.

12 4

Distribution (%)

T — T 1
1 10 100 1000 10000

Size(nm)

(a) The concentration changes of silica nanoparticles between the electrolyte-ethanol and electrolyte-isopropanol (IPA) systems. (b) PSD

of silica nanoparticles synthesized in 30% methanol, ethanol, and isopropanol with the electrolyte system.
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reach the supersaturation concentration of monomer quickly in
this solvent system and ultimately leads to the burst nucleation,
and this continuous losing and gaining of the supersaturation
concentration leads to faster condensation. On diluting the
solvent to 30%, the TEOS started phasing out as it became
insoluble but the silicic acid produced became more solubilized
than other solvent systems, which affected the kinetics of
nucleation by the slow gaining of the supersaturation point; i.e.,
the silicic acid concentration required for supersaturation
became higher as it became more soluble in aqueous medium
of 30% solvent. The slow monomer seed generation retards the
burst nucleation process and the nucleation—condensation
kinetics became slow.

Besides 30% ethanol as solvent, the particle nature and size
were also compared by varying the solvents, and the average
sizes of nanoparticles increased on going from 30% methanol
to 30% isopropanol (Fig. 5b). The increasing number of carbons
in the solvent and the decreasing polarity correlated well with
the observed trend. Isopropanol as the solvent, compared to
methanol and ethanol, is less polar having a dielectric constant
of 20.4, whereas ethanol and methanol have dielectric constants
of 24.5 and 32.7, respectively, at 25 °C.*® The monomer silicic
acid units have less repulsion during monomer aggregation in
isopropanol due to the comparatively low polarity of the solvent,
which helps to achieve the CAC under lower electrolyte
concentration and ultimately leads to burst nucleation. Thus,
30% isopropanol with a comparatively lower electrolytic
concentration than 30% ethanol gives almost similar rate
constant values (Table 1) for the initial nucleation and a similar
kind of change in Cyp/Cs, values is given in Fig. 5a. The lower
concentration of electrolyte reduces the polydispersity (data
given in Table 2) in particles with narrow PSD (Fig. 5b) in 30%
isopropanol medium.

The higher solvation of reactants than the intermediate can
stabilize the reactants and increase the energy barrier of the
reaction, which decrease the rate of reaction.* The interaction
of solvent with reactants and intermediates through H-bonding
or complex formation, the calculations of their relative energy,
and detailed thermodynamic parameters related to this inter-
action are beyond the scope of this work. However, we have
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Table 4 Temperature effects on kinetics. Different K values, DLS sizes,
and polydispersity indexes (PDI) at different temperatures in the case
of 30% alcohol with electrolyte

Temperature

(°C) K (min™* R? Size (nm) PDI (%)
18 0.01 0.73 657 20.47
28 0.033 0.99 559 12.28
38 0.039 0.95 214 3.60

correlated the solvent properties and their impact on reaction
kinetics.

3.6. The temperature effect on the reaction kinetics and the
size of particles

To understand the effect of temperature on the nucleation
process, we investigated the silicic acid concentration in the
first 30 min by the molybdate assay technique at three different
temperatures. The K values were calculated by the simple first-
order kinetics of nucleation, where silicic acid was considered
as a reactant, and the variation of log Cy/C; vs. time (using eqn
(2)) was plotted in a graph and the rate constant (slope value
form Fig. 6a) was calculated.

The rate of nucleation increased with every 10 °C tempera-
ture increase (Table 4). We measured the average size of those
particles and it was evident from Fig. 6b that particles were
formed with narrow PSD and a smaller average size at higher
temperatures. At higher temperatures, the fast nucleation rate
and homogeneity in particle size indicated the quick CAC
achievement through the burst nucleation by the solvent
system, and there was no such delay between the initial nucle-
ation and particle formation. However, at lower temperatures,
the slow nucleation process destroyed the homogeneity in the
particle as initial nucleation and particle synthesis from the
silicic acid unit occurred simultaneously. Some portion of the
early formed silicic acid unit produced large particles, and this
inhomogeneity in particle size broadened the PSD and average
particle diameter as seen in DLS data. This proved that
temperature has an impact on the initial nucleation rate and

b) 16
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- ——at28°C
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(a) In(Co/Cy) vs. time plot for the kinetics study of the nucleation process at 18 °C, 28 °C and 38 °C for 30% alcohol with electrolyte. (b) PDI

of silica nanoparticles, synthesized in a 60% ethanol-non-electrolytic system. The temperature variation is 18 °C, 28 °C, and 38 °C. The PDI values
decrease with increasing temperature, indicating a narrow size distribution (Fig. S4 in ESIt).
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the final particle size determination, which can be used to tune
the size of SiNPs. Similarly, we also investigated the effect of
temperature on the size and polydispersity of the nanoparticles
in the presence of an electrolyte and a similar trend was
observed. This trend indicated the importance of these two
parameters; the concentration of electrolytes and temperature
played a vital role in synthesizing silica nanoparticles with
desirable sizes in a lower alcoholic concentration.

3.7. Specific surface area

The surface area imparts an important feature on SiNP use in
various applications like dye adsorption, protein binding, drug
delivery, etc. Generally, mesoporous SiNPs, due to their porous
nature, have a very high surface area. Despite having lots of
different methods for SiNP synthesis, most are complicated and
inconvenient, such as particles synthesized at 650 °C in
different time scales producing mesoporous SiNP with BET
surface areas of 173 to 527 m* g~ '* and a surfactant-free SiNP
synthesis from rice husk gives particles between 24-87 nm with
maximum BET surface area of 740 m”> g~ *.** Hence it is a chal-
lenge to make non-porous silica nanoparticles with a very high
surface area in a robust and convenient way. Our method
comprising electrolyte-assisted SiNP synthesis is quite efficient
in this matter. Particles in the size range of 400-500 nm showed
a very high specific surface area of 1647 m* g~ ' (Table S2 and
Fig. S27). This was obtained by using the Langmuir adsorption
isotherm while adsorbing Methylene Blue (MB) dye using
different concentrations.*” Thus, particles synthesized with
electrolytes may be more suitable for protein binding, use as
sensors, in dye® and oil adsorption,* and a variety of other
applications.”

3.8. Cost analysis

We have estimated an overall approximate cost of synthesis of
the nanoparticles to envisage the potential in the industrial
market. The production cost of SiNPs using 60% ethanol for
a small-scale batch of 20 mL is ~20 cents and $10 per liter. In
the electrolyte-assisted process where the ethanol concentration
is only 30%, the cost for 1 L of silica nanoparticles was reduced
to $6 from $10 (up to 35-38%). In the case of large-scale
industrial production, the overall cost will be much lower.
However, by incorporating electrolytes, it would be much
cheaper, as well as environmentally friendly.

4. Conclusion

The correlation between the kinetics of nucleation and growth
of the SiNPs has been established and it was found to be linear.
The rate of nucleation was slow in the diluted organic solvent
composition, however, the rate increased substantially after
addition of an electrolyte. It is thus possible to synthesize SiNPs
by incorporating electrolytes at a very low concentration in
a mixture with less organic solvent. We measured the zeta
potential of the nanoparticles and found that a low electrolytic
concentration resulted a higher negative surface charge, which
accounted for the better colloidal stability in solution. The
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higher concentration of electrolyte leads to large irregular
particles, even in the micron size range, along with very high
polydispersity. The final optimized concentration of electrolyte
gives particles in the 250-800 nm range. Comparing methanol,
ethanol and isopropanol systems, we found that the addition of
an electrolyte significantly decreases the surface zeta-potential,
which helps to achieve CAC in a relatively shorter time. In this
way, it is possible to reduce the organic solvent content in the
synthesis process. The overall process is environment-friendly
and at the same time, cheaper by ~35% as compared to the
conventional methods where 50-60% organic solvents are used.
Changes in other parameters like temperature have an impact
on particle growth, size, and polydispersity. It is possible to
synthesize SiNPs in bulk amounts with size-tunable properties
by simply changing the electrolytes and temperature.
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