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Introduction

Porous silica particles and related research has noticed a huge growth since last few years and it continues to grow further [1-
5]. The increased interest in these porous materials is because of their number of proven and potential applications in various
fields. Some of the main applications include their use for removal of pollutants such as heavy metals, organic pollutants and
phosphates from water [6], removal of volatile organic carbons [7], as catalysts or supports for catalysts [8], biocatalysis [9],
and direct CO, capture [10]. Porous silica particles are also investigated with great interest for their use in the biomedical
field; both in diagnostics and drug delivery applications [11-14]. The list of newer potential technological applications of

these materials continues to increase further.
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Amongst several types of porous silica particles MCM-41 and SBA-15 are the two most commonly investigated ones [1].
Recently several new, more efficient and modified synthesis techniques for the synthesis of these types of particles have been
reported [15-17]. This proves the continuous interest of researchers not only in exploring new applications of porous silica
particles but also in inventing, optimizing and scaling-up of simplified synthetic procedures for their preparation. Due to the
high demand of this material there is also increased interest in its large scale synthesis and production process optimization to
obtain monodisperse porous particles with uniform properties. The properties of porous silica micro or nanoparticles that
need to be immediately checked after their synthesis include the particle size and particle size distribution, morphology and
orientation of the porous structure, surface area, pore diameters and chemical purity. All these parameters play a crucial role
in determining the hydrothermal, colloidal, suspension and dispersion stability of the particles. Although in large scale
production of any material in chemical industries slight variations are possible, the variations should be in the limit of

acceptance.

For this purpose, a set of standard characterization data of synthetic porous silica particles must be prepared which will serve
as reference models for comparison of the properties of the particles produced in large scale with the particles synthesized at
standard laboratory scale. In the present work, we report synthesis and characterization and comparative evaluation of
different types of porous silica particles including two commercial multimodal porous silica particles. The information
provided will serve as a handy document for reproducibility check of synthetic methods and comparative evaluation of
porous silica particles. In addition, aggregation kinetics of bare porous silica particles are studied. The completely new
characterization data of commercial porous silica particles will help in making their choice or testing of their suitability for

the applications under study.

Experimental

Materials

Tetraethyl orthosilicate (TEOS), hexadecyltrimethylammonium bromide (CTAB), 1,3,5-trimethylbenzene (TMB), Pluronic
P123 triblock copolymer, ethanol, methanol and sodium hydroxide were purchased from Sigma Aldrich. Porous silica
particles with particle size 200 nm and pore size 4 nm were purchased from Sigma-Aldrich, Italy. Commercial porous silica

particles of SBA-15 type were purchased from Zecasin S.A., Romania.

Particle synthesis

Mesoporous silica nanoparticles of MCM-41 type [16], pore extended MCM-41 type [17] and SBA-15 type [18] used for
characterization in this study were synthesized according to the sol-gel process reported in the references mentioned.

In a typical reaction for synthesis of MCM-41 type mesoporous silica nanoparticles, CTAB (1 g) was dissolved in distilled
water (480 mL); the solution was heated at 80°C and then NaOH (3.5 mL, 2 M) was added, the mixture was stirred for 30
min. TEOS (5 mL) was added drop wise. The mixture was then stirred for 2 h at 80°C. After cooling to room temperature
(RT), the product was recovered by filtration and washed with distilled water (750 mL) and methanol (500 mL). The product
was dried in air for 24 h. The particles were then calcined at 550°C for 7 h in air (2°C/min from room temperature to 550°C

in nitrogen and then isotherm at 550°C in air).
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The synthesis of mesoporous silica nanoparticles with pore diameters 4.5 nm was carried in same way by using TMB as the
micelle core swelling agent. For the synthesis of SBA-15 type porous silica particles CTAB was replaced with Pluronic
triblock copolymer. The list of samples synthesized and commercial samples analysed is shown in TABLE 1.

TABLE 1. List of the porous silica samples.

Notation Description
A Mesoporous silica nanoparticles of MCM-41 type
B Mesoporous silica nanoparticles pore extended
C Commercial porous silica particles by Sigma Aldrich
D Mesoporous silica nanoparticles of SBA-15 type
E Commercial porous silica of SBA-15 type by Zekasin

Transmission electron microscopy

High resolution transmission electron microscopy (HRTEM) images were obtained with a JEOL 2010 instrument (300 kV)
equipped with a LaB6 filament. For specimen preparation, powdery samples were supported onto holed carbon coated copper

grids by dry deposition.

Dynamic light scattering

Dynamic light scattering (DLS) measurements were carried out by using Malvern ZS 90 Zetasizer instrument. For the
measurement of size app. 0.01% suspensions of nanoparticles were prepared in deionized water and these suspensions were
sonicated for 20 minutes before the analysis. Depending upon the aggregation tendency these suspensions were further
diluted to obtain stable suspensions. Zeta potential measurements were carried out on slightly concentrated suspensions of the

particles. Both for size and zeta potential 5 measurements on each sample were carried out and the mean values are reported.

Gas-volumetric analysis

Gas-volumetric analysis, specific surface area (SSA), pore volume and size were measured by N, adsorption-desorption
isotherms at 77 K using an ASAP 2020 (Micromeritics) gas-volumetric analyzer. SSA was calculated using the Brunauer-
Emmett-Teller (BET) method; average pore size and volume were calculated on the adsorption branch of the isotherms
according to the Barrett-Joyner-Halenda (BJH) method (Kruk-Jaroniec-Sayari equations). Samples were outgassed at RT

overnight before analyses.

Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were carried out on a TA Q500 model from TA Instruments by programmed heating of
samples contained in alumina pans at a rate of 10°C min™ from 50°C to 600°C in nitrogen flow and from 600°C to 800°C in
air. The switching of gas was purposely done to flush out or completely burn any organic residue that may remain with the

sample and interfere with the weight loss determination.
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Results and Discussion

Synthesis of porous silica

Synthetic porous silica particles mentioned in the work were prepared by sol-gel method. Hydrolysis condensation reaction
of silica source tetraethyl alkosysilane (TEOS) on the micelles formed by templates yielded the porous particles [19-21].
Cetyltrimethylammonium bromide (CTAB) was used as the template for obtaining MCM-41 type mesoporous silicas with
pore diameters around 3.5 nm and 4.9 nm [16]. Micelle core swelling agent, trimethylbenzene was used to increase the pore
diameters from 3.5 nm to 4.9 nm [17]. Pluronic P123 triblock copolymer was used as the templating agent to obtain SBA-15
type mesoporous silica particles with pore diameter of 7.5 nm [22,23]. Calcination of the particles with programmed heating
was carried out to remove the templating agents. The post synthesis thermal treatment gave porous silica particles with
ordered porosity. Formation of the ordered porous structure in the particles was checked with TEM analysis while the

chemical purity of the particles was checked by elemental analysis.

TEM

TEM images (FIG. 1.) of the porous micro or nanoparticles were recorded to determine the average particle size, presence of
porous structure, orientation of multimodal porous channel zones and morphology. The particles were quasi-spherical in
shape with rough surface. Average diameters of all porous silica particles were measured and comparatively analysed with

their respective synthetic techniques.

FIG. 1. TEM images of porous silica particles A to E, as reported in TABLE 1.
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Ordered hexagonal pore structure in all porous silicas in the TEM images can be clearly seen. The pore wall thickness varied
depending upon the type of porous silica. The pore channels in all particles extend throughout the body of the particles which
indicated presence of defect-free particles. The particle diameter varied from 80 nm to 1 pum. For MCM-41 type porous silica,
increase in SSA from 901 m?/g to 1228 m’/g was observed with decrease in particle size. This observation pointed out the
straightforward relation between particle size and the surface area, also in porous materials. The multimodal porous channel
structure in samples C and E was further confirmed by BET analysis which showed the presence of micro and mesopores on

the particles.

Elemental analysis

The purity of the particles was checked by elemental analysis. The results of elemental analyses are reported in TABLE 2. It
was observed that the percentage of hydrogen varied due to the presence of a different number of surface hydroxyl groups
and water molecules adsorbed on the particles. It is the presence of silanol (-Si-OH) groups that makes the surface of the
particles reactive.

TABLE 2. Elemental analysis data of porous silica particles.

Sample % C % H % N % S
A 0.93 0.68 0 0
B 0.98 0.51 0 0
C 0.40 0.28 0 0
D 0.77 0.40 0 0
E 0.87 0.48 0 0

The reactivity of these groups is exploited in the post synthesis surface modification of particles to graft various functional
molecules and polymers. The surface silanols also play an important role in determining the suspension stability as a high
number of surface silanols can influence greatly the particle-particle interactions. The presence of surface silanol groups also

influences the total charge on the particles which is reflected in the zeta potential values.

BET and DLS analysis

Physicochemical characterization data of all porous silica particles obtained from TEM, porosimetry and DLS analysis is

collectively reported in TABLE 3.
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TABLE 3. Physicochemical characterization data of porous silica particles.

Pore diameter Pore volume
1 o 3
Sample Diameter SSAL (A°) (cm*/g) A|\_/|elgage 3 Ofee:taial oH
(TEM) ) L P.D.I. p
m°</g v +0.2
nm Micro | Meso | Micro Meso nm m
A 80+ 20 1228 - 35 - 1.45 122+10 | 0.3-0.7 | -35.2+1.0 6.97
B 100 + 16 1017 - 49 - 2.42 141+19 | 0.2-0.6 | -39.5+0.7 7.21
C 200+ 11 901 13 40 0.16 1.26 220+9 0.6-09 | -17.3+0.3 7.01
D 280 +21 620 - 75 - 2.75 331+17 | 0.4-05 | -32.6+0.5 7.10
E 900 + 37 816 20 56 0.052 1.14 1090+21 | 0.4-1.0 | -30.5+0.6 6.90

! Specific surface area, > Hydrodynamic diameter, * Polydispersity index

The particle diameters were in the range from 80 nm to approximately 1 um. The pore diameters measured by BJH method
were from 3.5 nm to 7.5 nm. These values were in very good agreement with the estimation made by analysis of high
resolution TEM images (FIG. 1D and 1E). This confirms the validity of the employed BJH equations (Kruk-Jaroniec-Sayari
thickness curve and BJH corrections), which are optimal for this kind of mesoporous materials. Indeed, default Halsey and
Faals equations were found to give an underestimation of pore size with respect to what measured by TEM on this class of
materials. As expected the SSA was found to decrease with increase in the diameter of the pores in both (MCM-41 and SBA-
15) types of particles. Samples C and E, which are commercial porous silica particles, showed the presence of micropores
together with mesopores. In the case of the MCM-41 type commercial porous silica sample (C) the micro and mesopore
diameters were 13 A and 40 A respectively. While in the case of commercial SBA-15 sample (E) they were 20 A and 56 A
respectively. The determination of composition of micro and mesopores is of importance as it can help to modify or tune the

performance of the porous silica particles in their use for delivery of various molecules in different environments.

The particle size distributions for the most stable clusters of the particles are shown in FIG. 2, while the change in

hydrodynamic diameter with time (aggregation kinetics) of all porous silica particles are shown in FIG. 3.

The polydispersity index values for each sample are also reported in TABLE 3, and were clearly found to depend upon the
zeta potential (total charge at almost neutral pH) values and composition of the samples. Negative zeta potentials were
observed for all porous silica nanoparticle samples as reported previously [24-27]. The values of zeta potentials were between
-39.5mV and -17.3 mV.
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FIG. 2. Particle size distribution of porous silica particles A to E.
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FIG. 3. Change in HD of porous silica particles A to D with time.

All the porous silica nanoparticles analyzed were bare particles hence stability of the suspensions prepared for DLS analysis
was low due to relatively fast aggregation of particles mediated by particle-particle interactions. Higher values of the

polydispersity index were observed for samples with less negative zeta potentials. The aggregation profiles of particles in the
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form of change of hydrodynamic diameter with time up to 60 minutes are reported in FIG. 3. As expected all the samples
have shown relatively fast aggregation tendencies. In the case of sample E, which are the commercial SBA-15 type porous
silica particles, it was impossible to construct an aggregation profile for two reasons: 1. The hydrodynamic diameter of the
particles was almost 1 p which is at the higher limit of DLS instrument. Hence immediately after aggregation clusters with
sizes more than 1 micron were formed which were difficult to analyze 2. Upon aggregation clusters of aggregated particles

due to their big size were found to quickly sediment during the analysis.

Thermal analysis

Thermal stability is one of the main requirements of the porous materials for their use in various applications [28,29].
Especially, testing of their thermal stability is of importance for their use in catalytic or as catalyst support applications which
employ high temperatures. The thermal stability of porous silica particles was tested by programmed heating of them up to
800°C in nitrogen and air atmosphere. The TGA curves reporting the percentage of weight loss with increase in temperature
and the corresponding first derivatives calculated by weight loss percentage divided by the temperature are reported in FIG.
4. All the porous silica particles have shown good thermal stability as there was no considerable weight loss observed up to
800°C. The initial weight loss up to 150°C was due to the presence of adsorbed water and it varied for each type of porous
silica particles. The gradual and small weight loss at higher temperature is related to surface dehydroxylation, and can be
used for a rough estimation of silanol surface density [30]. The amount of adsorbed water was slightly higher for samples A,
B and D, which can be linked to the zeta potential values indicating presence of higher surface silanols in these samples.
Here, higher the number of surface silanols on the particles greater is the possibility of adsorption of water molecules which
form a strongly physisorbed monolayer of water on the silica surface. The TGA data also indicated the difference in the

surface properties of porous silicas and ability to adsorb or trap humidity.

As stated earlier porous silica particles are studied with great interest for their use in biomedical applications. Huge numbers
of reports highlight the suitability and importance of porous silica micro or nanoparticles as drug delivery vehicles. But by
looking at the collective physicochemical characterization data and especially the low suspension stability of the bare
particles it can be concluded that the bare porous silica particles may not be a good choice as drug delivery vehicles. To
tackle this problem suitable surface modification of the particles with moieties such as organic compounds, polymers,
targeting agents such as amino acids or proteins, antibodies or receptors is necessary. Such surface modification will not only
improve the efficiency of the particles as delivery vehicles but also will improve their suspension stability which is a prime
requirement in biomedical application of nanomaterials. The detailed characterization and comparative evaluation of any
low/nano dimensional material as presented in this work is an important step before proposing such materials for their

potential applications in various fields.

Conclusion

Porous silica particles with different characteristic features were prepared, characterized and comparatively analyzed with the
commercial porous silica samples. Complete physicochemical characterization of the particles was performed and
aggregation profiles of the bare particles were constructed. It is shown that surface properties influence the total charges,

particle-particle interactions, suspension stability and thermal properties of the porous particles. A set of standard
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FIG. 4. TGA curves of porous silica particles A to E.

characterization data has been developed in this work which can be used as handy model document for the comparative
analysis of further newly synthesized porous silica particles. The new and complete characterization data presented both on
well-known laboratory prepared porous silica particles as well as on the commercial particles is helpful in screening their
suitability for the target applications under study.
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