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Preface

In view of increasing energy demands, one of the most important industrial processes is fluid
catalytic cracking (FCC), which breaks down heavier oil fractions into more desirable light
fractions, including gasoline and olefins. An FCC unit is part of a traditional oil refinery, but
also plays a major role in refineries based on other feedstocks, including renewable ones like
biomass. As crude oils become heavier and feedstocks more complex, the FCC process will
only rise in importance.

The catalyst is the heart of the FCC process, and is, not surprisingly, quite remarkable in it-
self. The severe conditions encountered in the process (800◦C, steam) make it essential that it
possesses tremendous hydrothermal stability, and retainsits activity over extended periods of
operation. For about half a century, the major active component of an FCC catalyst has been a
zeolite.

Zeolites are microporous aluminosilicates. They occur in nature, and have been known for about
250 years. However, their naturally occurring forms are, atpresent, of limited value, due to
presence of undesired impurities. They are not optimized for catalytic applications either. It was
only with the advent of synthetic zeolites, from 1948 on, that this class of porous materials began
to play an important role in catalysis. Some of these synthetic zeolites exhibit unique properties
with respect to both activity and selectivity. Activity is mostly determined by the Brønsted
and the Lewis acid sites, and by metals that may be incorporated. Selectivity is guided by the
zeolite micropores that may range in size from 3Å to more than 12̊A. The introduction in 1962
of synthetic faujasites (zeolites X and Y) on an industrial scale in fluidized catalytic cracking
of heavy petroleum distillates was a landmark innovation [1]. The new zeolite catalysts were
orders of magnitude more active than the amorphous silica-alumina catalysts, and also brought
about a significant increase in the yield of gasoline, the most valuable product from FCC units.
It was estimated that this yield enhancement alone accountsfor an added value on the order of
several billions of US dollars per year, which can be attributed to zeolite catalysts [2]. Apart
from oil refining and petrochemistry, the application of zeolites in environmental catalysis and
fine chemical synthesis is also steadily increasing [3-5].

Despite these broad applications and advantages, the micropores of the zeolites may in some
cases limit the catalytic performance of zeolites. The reason is the restricted molecular transport
inside the crystals, induced by the similar size of the diffusing hydrocarbons and the micropore
diameter. This becomes even more severe when the reacting molecules are bulky, as in the
case of FCC, resulting in lowered activity and undesirable coke formation, leading to blockage
of the pores and a reduction of the available active surface area. This requires us to address
the issue of accessibility. One way to minimize the diffusion limitations is the reduction of
the intracrystalline diffusion path length. Hereby, reactants can enter and reaction products are
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released more rapidly. Furthermore, the increased number of micropore entrances per gram of
zeolite (increased external zeolite surface area) should also result in increased activity [6].

An alternate way to prepare materials with enhanced accessibility would be to design materi-
als with pore network architectures composed of both micropores and mesopores, or, in other
words, to introduce hierarchical porosity. The IUPAC classifies pores on the basis of their
size as micropores (< 2 nm), mesopores (between 2 and 50 nm) and macropores (> 50 nm).
An optimal network of micropores, mesopores and macroporesreduces transport limitations of
reactants and products, resulting in high reaction rates.

The discovery in 1992 by researchers at Mobil Oil of ordered mesoporous materials, which
they named MCM-41 [7], opened a new direction to tackle the problem of diffusion limitations
encountered in reactions. MCM-41 is synthesized using the cationic surfactant cetyl trimethyl
ammonium bromide (CTAB) as the structure-directing agent.The resulting materials contain a
hexagonal array of uniform channels around 3 nm in diameter,with extremely high surface ar-
eas above 700 m2/g. Even though it is possible to expand the pore size using different swelling
agents, such as TMB, the relatively thin pore walls of MCM-41hinder their hydrothermal sta-
bility. In 1998, Stucky and co-workers synthesized a mesostructured silica material, termed
SBA-15 [8], using a tri-block co-polymer, P123 (EO20PO70EO20; EO is ethylene oxide, PO
is propylene oxide) as structure-directing agent. SBA-15 materials have special features, such
as large mesopores and a relatively high hydrothermal stability owing to their thick pore walls,
making them particularly attractive as heterogeneous catalyst supports. The sol-gel synthesis
of these mesoporous materials involves silica-surfactantself-assembly. The materials can be
tuned in a variety of morphologies, depending on the synthesis conditions. Experiments are
usually carried out in a batch reactor, and require several days to obtain the ordered materials.
Furthermore, due to the batch nature of the synthesis, the final product morphology is often
irregular.

An aerosol driven process could address the above issues. Evaporation induced self-assembly
(EISA) has been utilized to produce nanostructured materials as thin films, using a rapid dip-
coating or spin-coating process, during which solvent evaporation enriches the concentration of
silicate and surfactant, inducing co-assembly into mesostructured, defect-free surfactant-silicate
thin films [9]. This concept was combined with aerosols by Brinker and co-workers [10], who
proposed an aerosol driven EISA process to continuously synthesize solid, well-ordered spheri-
cal particles with stable pore mesostructures of hexagonaland cubic topology, as well as layered
(vesicular) structures, using different structure-directing agents. This process allows the syn-
thesis of nanostructured materials in a process time of several seconds, much shorter than the
conventional sol-gel approach. The EISA route combines thesimplicity of the sol-gel pro-
cess with the efficiency of surfactant self-assembly, allowing rapid synthesis of mesostructured
thin films, particles, and arrays with controlled morphology and mesostructure [11]. The pro-
cess is continuous and scalable making it industrially attractive and viable. Particles can be
synthesized over a wide size range by controlling the operating conditions. The particles are
generally spherical, which frequently has advantages for subsequent powder handling and pro-
cessing. The non-equilibrium feature of the EISA process allows the incorporation of various
non-volatile components, such as functional organic molecules, particles and polymers within
the self-assembled mesostructures, providing a general and flexible approach for nanocompos-
ite fabrication [12]. An interesting feature from the perspective of material synthesis is that
the method enables uniform incorporation of the chemical species (that can be dissolved or
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dispersed into a precursor solution) into every synthesized particle.

The main goal of this thesis is to synthesize mesoporous silica supports using the continuous
aerosol driven EISA method, which could be candidates for catalytic applications requiring
enhanced transport, mainly for use in FCC catalysis. Due to the high hydrothermal stability
of SBA-15, we utilized its structure directing agent, blockco-polymer P123 (EO20PO70EO20),
for synthesizing these nanostructured materials. This ledus to first investigate and familiarize
ourselves with the sol-gel synthesis of mesoporous silica,and we present interesting results on
this subject in the first two chapters. The outline of the thesis is as follows.

Chapter-1 describes nanostructured, mesoporous SBA-15 synthesized in the presence of a weak
acid,H3PO4. The uniqueness of the materials was observed through the broad variety of mor-
phologies that could be generated by tuning a single parameter, namely the stirring rate during
the low temperature hydrothermal treatment. Morphologiesin the form of free standing films (at
the air-liquid interface) and a hierarchical porous cake under static conditions were observed.
Long bundles composed of threads joined together were obtained under slow stirring condi-
tions, while short fibers were obtained under fast stirring.These mesoporous materials had a
high surface area and well ordered, uniform pores.

Chapter-2 investigates the diffusion properties of the fibers and bundles of SBA-15 using Pulsed
Field Gradient (PFG) NMR measurements. The structural differences in the morphologies of
these distinct samples could be observed in the transport behaviour of the diffusing molecules
used in the study. The diffusion coefficients were determined in both principal directions: par-
allel to the mesopore channels, and in a direction perpendicular to them. Using this data it was
possible to observe distinct diffusive properties that well matched the internal structure and the
external morphology of these nanostructured materials.

Chapter-3 gives an account of the development of the aerosolequipment for continuous syn-
thesis of nanostructured silica. The chapter details the different atomizers used in this study,
namely the ultrasonic atomizer, the TSI 3076 atomizer and the Collison atomizer for generation
of aerosols from a liquid precursor. Furthermore, a tubularreactor was also fabricated in-house,
where the liquid aerosol is transformed into the final product, which is collected on a membrane
filter. All the equipment parts were required to be retrofitted/modified in-house to satisfy the
experimental needs and overcome any problems faced to ensure a smooth functioning of the
aerosol equipment.

A preliminary study on the synthesis of mesoporous silica using the aerosol process is described
in Chapter-4. This Chapter discusses initial synthesis experiments of mesoporous silica parti-
cles, performed using different atomizers, and using organosilicate precursors and P123 as a
templating agent.

Chapter-5 handles the aerosol assisted synthesis of nanoporous silica in greater detail. The
synthesis in general involves a large number of experimental parameters. In order to explore
this high dimensional experimental space, a factorial design of experiments was employed to
study the effect of important variables, namely the precursor composition and the tubular reactor
temperature, on the textural properties of the final product. A rigorous statistical methodology
was employed to identify the significant variables, in otherwords to narrow down to those
variables which have the maximum effect on the BET surface area and total pore volume of
the products. Furthermore, a regression analysis was performed to quantify the effect of these
variables on the texture of the final particles, and the results were represented in the form of



contour plots.

Chapter-6 deals with the synthesis of mesoporous silica-alumina materials using industrial raw
materials. With the help of a laboratory spray drier, nanosized silica and alumina were as-
sembled using P123 as a templating agent. The resultant mesoporous silica-alumina materials
exhibited remarkable stability under severe steaming conditions. The activity of these samples
was also investigated using pulse probe molecule experiments.

The extension of the aerosol process to produce mesoporous ZSM-5 composites is presented
in Chapter-7. This first involved the synthesis of nanosizedZSM-5 particles using a batch sol-
gel scheme. These nanocrystals were then incorporated intoa mesoporous silica framework
(templated by the non-ionic surfactant, P123), resulting in a mesoporous ZSM-5 composite.
These composites with a hierarchical porous structure (micro- and mesoporosity) are interesting
candidates for the catalytic cracking of bulky molecules.
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Chapter 1

Tuning of Nanostructured SBA-15 Silica
using Phosphoric Acid

1.1 Introduction

SBA-15 is a mesoporous SiO2 with a hexagonal arrangement of channels with diameters in
the range of 5-30 nm [1]. Its advantages include high thermalstability and relatively thick
silica walls with a network of micropores and/or mesopores in the walls in addition to well-
ordered mesopores. The porosity of the walls depends on parameters such as the synthesis
temeperature [2,3]. SBA-15 is synthesized using a non-ionic surfactant P123 (block co-polymer
EO20PO70EO20, where EO is ethylene oxide and PO is propylene oxide) in the presence of
strong acids like HCl. The critical micelle concentration of P123 in pureH2O is 0.03 w/v % at
25 ◦C [4]. It has been observed that the addition of ethanol to thesystem decreases the size of
the micelles [5,6].

Since the pioneering work reported by researchers at Mobil [7], such surfactant templated meso-
porous materials have found several applications in catalysis, gas sensing, separation and op-
tics [8]. The synthesis process of mesoporous materials like SBA-15 involves the formation
of organic-inorganic composites by a self-assembly process, where the organic phase is orga-
nized on a mesoscopic scale and serves as a template for the inorganic component. Different
mesostructures and pore sizes can be obtained by adjusting the synthesis conditions and nature
of the surfactant. Mesoporous materials in the form of films [9], monoliths [10], spheres [11],
rod-like structures [12], fibers [13] and crystals [14] havebeen obtained in block co-polymer
templating systems. Mesoporous films have been grown at air-water and mica-water interfaces
through an interfacial silica-surfactant self-assembly process [15,16]. Zhaoet al. [17] reported
the formation of continuous mesoporous silica films with large periodic cage and pore structures
using poly-(ethylene oxide) non-ionic surfactants as structure directing agents in a dip-coating

This chapter is based on the following publications:
R. Pitchumani, W. Li, M.-O. Coppens, Catalysis Today 105 (2005) 618.
R. Pitchumani, W. Li, M.-O. Coppens, Stud. Surf. Sci. Catal.156 (2005) 83.
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2 CHAPTER 1. TUNING NANOSTRUCTURED SBA-15

process. The films exhibited high thermal stability upon calcination at 450◦C and were crack
free for a thickness less than 1µm. The thickness of the film was varied uniformly by adjusting
the dip-coating rate or the coating solution concentration. These mesostructured films might
find use, in addition to catalysis, as membranes for biomolecular separations, sensors, ordered
ceramic matrix composites and mesostructured composites [15]. Highly ordered mesoporous
SBA-15 fibers over hundreds of microns in length, with a uniform diameter, were grown using
tetra-methyl orthosilicate (TMOS) under acidic conditions [11]. Ordered and optically transpar-
ent mesoporous silica fibers were synthesized in a two-phasesystem at room temperature and
have been demonstrated to have potential as high-surface area optical waveguides [18]. Yang
et al. [13] employed a simple process for making mesoporous fibers with large and accessible
pores. These fibers were uni-axially aligned and possessed either 3D hexagonal cage or 2D
hexagonal channel structures.

In the present study, we utilize a simple approach to selectively synthesize unique morphologies
of SBA-15 from a mixture that is similar to the one conventionally used [1], except that it
includes a weak acidH3PO4 instead of the strong acid HCl. By simply controlling the stirring
rate, shapes of a broader variety than when using HCl are obtained from an identical starting
mixture.

1.2 Experimental

1.2.1 Material Synthesis

A sol-gel process was employed to produce the materials. Different samples were prepared
from the same initial aqueous solution. 3.0 g of Pluronic P123 were dissolved in 5.0 g of
phosphoric acid (85 wt.%) and 60 ml of deionized water at 40◦C to obtain a clear solution. 8.0
ml of tetra ethyl orthosilicate (TEOS) was quickly added to this mixture, while stirring at 40◦C
with a magnetic stirrer. Excess water was added to make up thesolution to 80 ml. The molar
composition of the starting solution was TEOS : P123 :H3PO4 : H2O = 1.0 : 0.015 : 1.23 :
111.1.

Three sets of experiments were performed. In the first set, stirring (at 500 rpm) was stopped
2 minutes after the addition of TEOS and the mixture was subsequently kept under static con-
ditions at 40◦C for 48 h. In the second and third set of experiments the solution was stirred,
either vigorously (423 rpm) or slowly (134 rpm) at 40◦C for 24 h. The solid products obtained
from the three batches were transferred to autoclaves and aged at 100◦C for 24 h. The resulting
products were recovered by filtration, washed with deionized water, and dried in an oven at 80
◦C. To remove the organic template, the samples were calcinedat 250◦C for 3 h and then at
550◦C for 7 h using a heating rate of 5◦C/min.

1.2.2 Material characterization

Powder X-ray diffraction (XRD) patterns of products obtained from the first set of experiments
were recorded using a Bruker-AXS D5005 diffractometer witha Co Kα X-ray source (λCo =
0.179026 nm). XRD patterns of products produced from the other sets were recorded using a
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Bruker-AXS D8 Advance X-ray diffractometer equipped with aVantec position sensitive detec-
tor using Co Kα radiation (λCo = 0.179026 nm). Scanning electron microscopy (SEM) images
were obtained with a JEOL JSM-6500F microscope. Transmission electron micrographs (TEM)
were recorded using a Philips CM30T electron microscope with a LaB6 filament as the elec-
tron source, operated at 300 kV. Samples were mounted on a microgrid carbon polymer, which
was fixed on a copper grid. A specimen of the film was prepared byan ultrathin microtoming
method, in which the film sample was embedded in an epoxy resin; thin slices were cut parallel
to the film surface and then placed on the grid.

Nitrogen adsorption-desorption isotherms were measured using a Quantachrome Autosorb-6B
sorption analyzer. Prior to the isotherm measurements, thesamples were degassed at 350◦C
overnight.

The phosphorus content in the calcined samples was determined from X-ray fluorescence (XRF)
measurements done on a Philips PW1480 spectrometer. The concentrations were calculated
with the semi quantitative program UniQuant5r.

1.3 Results and Discussion

Figure 1.1 shows SEM images of the materials synthesized under static conditions. Initially,
freestanding, transparent films were produced at the air-water interface.

Subsequent ageing and calcination resulted in a film with a smooth, crack free continuous sur-
face having a uniform thickness of 40µm (as seen in Figure 1.1a). It was also observed that thin
rods extended from the surface of the film and into the solution. On reaching a certain length,
these rods got detached from the film surface.

A white precipitate was formed as well. Calcination of the aged sample resulted in a cake-
like structure as shown in Figure 1.1b. Close observation ofthe cake indicated that it was
composed of a closely packed network of particulate grains (inset of Figure 1.1b). The void
existing between these grains (inter-particle space) provides macroporosity (in addition to the
mesoporosity) resulting in a hierarchical porous material.

Materials prepared under vigorous stirring conditions resulted in fiber-like morphologies. Fig-
ure 1.2 shows SEM images of fibers of length over 100µm in length and a width of 10µm.
Close examination of these fibers indicated that the fibers were made up of several individual
segments coupled together along their length (Figure 1.2b). Products synthesized under slow
stirring conditions had a unique morphology in the form of bundles as shown in Figure 1.3 (c)
and (d), several hundredµm in length and with a width of at least 50µm. The bundles are
composed of long thin thread-like structures fused together (Figure 1.3b).

Figure 1.4 shows the X-ray diffraction patterns (XRD) of thedifferent morphologies obtained
by changing the stirring rate. The XRD patterns of fibers, bundles and cakes show sharp peaks
corresponding to (100), (110) and (200) reflections indicating highly ordered mesoporous SBA-
15 with a 2D hexagonal symmetry (p6mm) [19].

In comparison, the absence of the (110) reflection for the filmsuggests that the pore channels
are aligned parallel to the film surface. Similar observations have been made by Zhaoet al.
[17] who synthesized mesoporous SBA-15 films on polished silicon wafers and confirmed the
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Figure 1.1: SEM of calcined (a) film and (b) cake

orientation of the pore channels from TEM images. The cell parameter of films, cakes, fibers
and bundles (calculated using the formulaa = 2d100/

√
3 , d100 is the interplanar spacing) is

11.4, 10.4, 10.6 and 10.6 nm respectively.

The calcined film has a Brunauer-Emmett-Teller (BET) surface area of 833 m2/g, a pore volume
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Figure 1.2: (a) and (b) SEM images of SBA-15 fibers

of 0.88 cm3/g and an average pore size of 8.0 nm calculated by using the Barrett-Joyner-Halenda
(BJH) model applied to the adsorption branch of the isotherm. The calcined cake has a BET
surface area of 827 m2/g, a pore volume of 1.04 cm3/g and a BJH pore size of around 8.0 nm.

TheN2 adsorption-desorption isotherms (Figure 1.5) of calcinedsilica fibers and bundles are
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Figure 1.3: (a) and (b) SEM images of SBA-15 bundles

type IV with a clear type H1 hysteresis loop. The isotherms and corresponding pore size dis-
tributions (inset of Figure 1.5a and b) indicate the presence of a narrow pore size distribution
in both fibers and bundles. The fibers have a BJH pore size of 8.0nm (calculated from the
adsorption isotherm), a BET surface area of 626 m2/g and a pore volume of 0.83 cm3/g. The
bundles have a slightly larger pore size of 8.8 nm, a much higher BET surface area of 968 m2/g
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Figure 1.4: X-ray diffraction patterns of different samples

and a pore volume of 1.3 cm3/g.

Insight into the pore structure of the mesoporous silica bundles is revealed by TEM (Figure 1.6).
Well-ordered hexagonal arrays of pores were found in the bundle cross-section (Figure 1.6b).
Figure 1.6a shows the high structural order, with parallel nanochannels of a uniform diameter
that follow the long axis of the bundles with high fidelity. A TEM image of the top view of
the microtomed film (Figure 1.7) shows that the channels run predominantly parallel to the film
surface. This is in agreement with the observed XRD pattern (Figure 1.4).

The stirring rate can thus be used effectively to tune the morphology of SBA-15. The different
shear rate associated with different stirring conditions influences the shape and aggregation of
micelles, as well as the interfacial growth of the silica-surfactant mesophase, resulting in distinct
morphologies. Note again that the starting composition wasidentical in all experiments. It is
not clear yet how theH3PO4 affects the morphology.

Table 1.1: XRF measurements of fibers and bundles

Sample Si/P [mol/mol]
Initial Gel Calcined

(Calculated) (XRF measurements)
Fibers 0.81 190.1

Bundles 0.81 18.0

X-ray fluorescence measurements of the fibers and bundles indicated the presence of phospho-
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Figure 1.6: TEM images of calcined silica bundles along directions (a) [1 1 0] and (b) [1 0 0]

rus in the silica framework even after calcination at 550◦C (Table 1.1). The phosphorus content
in the bundles was more than 10 times that present in the fibers. The generation of Brønsted
acidity is proposed due to interaction of theH3PO4 with the silica species during hydrolysis
to formP−O−Si bonds. Although the hydroxyl groups of phosphoric acid can be removed by
dehydration during high temperature calcination, the hydroxyl groups can also be restored after
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Figure 1.7: TEM image of mesoporous SBA-15 film (topview)

adsorption of moisture from the air. These restored hydroxyl groups on phosphorus have the
ability to donate protons, producing mainly Brønsted acid sites on the surface of SBA-15. This
improves the overall acidity of SBA-15 and could be used as a promising selective catalyst for
specific reactions that need only Brønsted acidity, for instance dehydration of isopropanol [20].
Phosphorus containing catalysts have been shown to improvethe activity for selective oxidation
of hydrocarbons [21] and improve hydrothermal stability ofthe mesoporous framework [22].

1.4 Conclusions

In summary, we successfully synthesized distinct morphologies (films, cakes, fibers and bun-
dles) of highly ordered mesoporous SBA-15 in the presence ofweak acid (H3PO4) by simply
changing the stirring rate. XRF measurements indicated thepresence of phosphorus in the sil-
ica framework generating additional Brønsted acid sites. TEM images of the bundles revealed
parallel nanochannels oriented along the long axis of the bundles.
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Chapter 2

Tracing Pore Connectivity and
Architecture in Nanostructured Silica
SBA-15

2.1 Introduction

Novel synthesis routes have led to an impressively large spectrum of nanoporous materials of
different composition, pore architecture, and shape. In many cases, appropriate fluid trans-
port properties are essential for their technical application [1,2]. Hence, in addition to the
well-established methods of textural characterization [3], diffusion measurements are often in-
dispensable to completely characterize these materials. In many cases, the mechanisms and
structural properties thus identified as rate limiting for overall mass transfer deviate dramati-
cally from those expected on the basis of the “textbook” structure of these materials.

The present chapter deals with the application of the pulsedfield gradient technique of nuclear
magnetic resonance (PFG NMR) to diffusion studies in nanoporous silica SBA-15 [4]. The
materials under study were synthesized following the original procedure described in [5], which
includes the weak acidH3PO4 instead ofHCl. By simply controlling the stirring rate of one
and the same starting mixture, a simple route was found to generate particle shapes of a broad
variety. It shall be demonstrated that the structural differences associated with two different
morphologies of the SBA-15 specimens under study, namely isolated fibers and bundles, are
nicely reflected by the transport properties of guest molecules.

This chapter is based on the following publication:
S. Naumov, R. Valiullin, J. Kärger, R. Pitchumani, M.-O. Coppens, Micropor. Mesopor. Mater. 110 (2008) 37.
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2.2 Experimental

Figure 2.1 shows SEM images of the two SBA-15 specimens studied here. Their textural prop-
erties are given in Table 2.1. Nitrobenzene was used as an NMRprobe molecule. Prior to
introduction into the NMR sample tubes (7.5 mm O.D., 10 mm filling length), the SBA-15
material was activated by heating (24 h at 323 K) under evacuation. After activation, the bulk
nitrobenzene was added in excess to the evacuated probe material at a temperature of 297 K.

Figure 2.1: SEM images of SBA-15 fibers (a and b) and bundles (cand d) [5]

All diffusion measurements were performed at 253 K, i.e., considerably below the melting
point of bulk nitrobenzene (Tmelt = 278 K). In this way, the space outside of the mesopores is
essentially blocked by the phase of frozen nitrobenzene, while the pore space - owing to the
melting-point depression [6,7] - is still accommodated by liquid nitrobenzene. The diffusion
behavior of the molecules within this liquid phase was studied in our experiments. The self
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diffusion coefficient of nitrobenzene in bulk is2 × 10−9 m2/s [8].

Table 2.1: Textural properties of SBA-15

Morphology SBET Vt dBJH Vµ Smeso a t
[m2/g] [cm3/g] [nm] [cm3/g] [m2/g] [nm] [nm]

Fibers 968 1.26 8.8 0.15 629 10.6 1.8
Bundles 626 0.83 8.0 0.092 421 10.6 2.6

SBET - BET surface area,Vt - total pore volume,dBJH - BJH pore diameter obtained by
applying the BJH model to the adsorption branch of the isotherm,Vµ - micropore volume,
Smeso - mesopore surface area,a - cell parameter,t - pore wall thickness (t = a− dBJH).

The PFG NMR diffusion measurements have been performed on anNMR spectrometer at 400
MHz with a home-built gradient unit [9]. The measurement, based on the sequence of radio
frequency and gradient pulses, generates an NMR signal, theso-called spin echo of resonant
nuclei (1H). Dependent on gradient durationδ, gradient strengthg and observation timet, the
spin echo amplitudeM(δg, t) becomes sensitive to the translational motion of moleculesin the
probe (diffusion). Assuming that the pulsed field gradientsare applied along the z-axis in the
laboratory frame of reference, the echo attenuation factor[10,11] is given by:

ψ(δg, t) =
M(δg, t)

M(δg = 0, t)
=

∫

P (z, t)e−ı(γδg)zdz (2.1)

The diffusion propagatorP (z, t) denotes the probability that during the observation timet the
molecules are displaced over a distancez in the field gradient direction. The gyromagnetic ratio
is γ = 2.67 × 108 T−1s−1 for the probed1H nuclei. According to Equation (2.1), the spin echo
attenuation,ψ(δg, t) can be used to monitor the self-diffusion process. In the case of normal
unrestricted self-diffusion, the averaged propagator is aGaussian and the spin echo attenuation
is described by a mono-exponential decay:

ψ(δg, t) = e−(γδg)2Dzt = e−Dzq2t (2.2)

with q = γδg. In complex systems, the averaged propagator may deviate from a Gaussian. In
PFG NMR, these deviations allow us to determine additional characteristic parameters which
influence self-diffusion under the given constraints.

For systems with an anisotropic pore structure, as in the case of both SBA-15 silica samples,
we expect the propagation to be dependent on the direction ofpropagation within the system.
The self-diffusivity parallel to the direction of the 1-D channel (Dpar) should be much larger
than the self-diffusion coefficient perpendicular to it (Dperp). Thus, displacements along the
channels are much less inhibited by transport resistances than displacements perpendicular to
the channel axis. The latter may result from defects in the channel walls or the channel ends.
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2.3 Results and Discussion

Figure 2.2 provides a typical representation of the signal attenuation in the PFG NMR experi-
ments. It notably deviates from the simple Equation (2.1), which predicts an exponential decay,
and, therefore, a straight line in a logarithmic plot. However, in view of the sample anisotropy,
such a deviation is to be expected, as Equation (2.1) is validfor isotropic diffusion only.

PFG NMR signal attenuation in the case of anisotropic diffusion in a powder sample (i.e., with
crystals oriented in all directions with equal probability) satisfies the following equation in a
spherical coordinate system [12,13]:

ψ(δg, t) =
1

4π

∫ 2π

0

∫ π

0

e{−(γδg)2t(Dxx cos2 θ+Dyy sin2 θ cos2 φ+Dzz sin2 θ sin2 φ)} sin θdθdφ (2.3)

where the quantitiesDxx, Dyy andDzz indicates the principal elements of the diffusion tensor.
Due to rotational symmetry of the system under study, in our case Equation (2.3) simplifies to
(again withq = γδg):

ψ(q, t) =
1

2

∫ π

0

e{−q2t(Dpar cos2 θ+Dperp sin2 θ)} sin θdθ (2.4)

whereDpar andDperp are the self-diffusivities as introduced above. Since the host particles
within our sample tube may assume all directions with equal probability, Equation (2.4) may be
finally transformed into:

ψ(q, t) =

√
π

2
e−q2tDperp

erf
(

√

q2t(Dpar −Dperp)
)

√

q2t(Dpar −Dperp)
(2.5)

Figure 2.2 displays those representations of Equation (2.5) which provide the best fit to the
experimental data. The values forDpar andDperp used in the fit are shown in the inset.

Figure 2.3 presents a complete survey of the self-diffusivitiesDpar andDperp and their depen-
dence on the observation time as resulting from the PFG NMR signal attenuation curves for the
different observation times considered. In addition to theobservation timest, in the abscissa
we have also indicated the mean square displacements〈s2

par〉 in the mesopore channel direction
and perpendicular to it. These displacements are related tothe corresponding self-diffusivities
D (Dpar andDperp, respectively) by Einstein’s equation [14]:

〈s2〉 = 2Dt (2.6)

The following summarizes our main findings:

1. Irrespective of a pronounced diffusion anisotropy over the considered temporal and spatial
scales (as indicated in the abscissa), diffusion is by far not ideally one-dimensional. This
suggests (as in the case of water in the MCM-41 sample studiedin [15]) the following:
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Figure 2.2: Spin echo attenuation for nitrobenzene in SBA-15 fibers. The solid lines represent
the best fits of the analytical solution (Equation (2.5)), with the parameters as indicated in the
inserts. Top panel: Observation timet = 5 ms, bottom panel: Observation timet = 300 ms

(a) Displacements in the channel direction within the bundles are described with a con-
stant diffusivity. This means that over the observed displacements of 4µm, molec-
ular transport in the longitudinal direction is not affected by additional transport
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Figure 2.3: Self-diffusivitiesDpar andDperp as a function of diffusion (i.e., observation) time
for SBA-15 fibers (top) and bundles (bottom). For an illustration of the distances over which
these diffusivities have been measured, the abscissa displays the values of the mean-square
displacements〈s2

par〉 and 〈s2
perp〉, resulting from an average value of the diffusivities in the

respective directions by application of Equation (2.6)
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resistances that might confine the propagation.

(b) However, the channel walls are, to some extent, permeable. Indeed it is known that
the walls of SBA-15 are microporous [16,17].

(c) The length of individual channel segments is small in comparison with displace-
ments in the channel direction (up to 5µm for the abscissa in Figure 2.3) so that, at
the end of each channel segment, the molecules may move into adirection perpen-
dicular to the channel direction or through the segment ends.

2. Additionally, in the bundles there is a tendency that displacements perpendicular to the
mean channel direction proceed at a rate increasing with increasing observation time.
This finding suggests the absence of a perfect channel structure over distances of the
order of these displacements (1µm), which facilitate propagation perpendicular to the
mean channel direction.

3. In the fibers, both diffusivities are found to (slightly) decrease with increasing observation
time. This points to some confinement and, hence, to a retarded propagation over longer
distances, in contrast to what is observed with the bundles.The lateral extension of the
fibers is far below that of the bundles, therefore it could be expected that in the case of
the fibers the external frozen phase will lead to spatial confinement within much narrower
dimensions than in the bundles. This agrees with the experimental findings.

2.4 Conclusions

Differences in SBA-15 silica morphology lead to specific differences in the propagation pattern
of guest molecules, as revealed by PFG NMR, using nitrobenzene as the probe molecule. Ni-
trobenzene was used in excess, so that inside the NMR sample tubes, the host particles were
surrounded by a bulk phase of the guest molecules. Thus, by selecting a temperature below the
melting point of the bulk (253 K) and above that of the guest inthe host mesopores, molecular
propagation, as traced by PFG NMR, is essentially confined tothe individual host particles. In
both types of particles (fibers and bundles), the Brownian motion of molecules in the pores was
found to be anisotropic, and characterized by a rotationally symmetrical diffusion tensor. The
diffusion coefficient in the direction of the axis of symmetry (Dpar) is one to two orders of mag-
nitude larger than that in a direction perpendicular to it (Dperp). The quantityDpar is therefore
referred to as the diffusion coefficient in the channel direction, whileDperp describes the rate of
propagation perpendicular to the channel axis, due to either a finite permeability of the channel
walls or to deviations from an ideal structure with infinitely extended straight channels. PFG
NMR is unable to discriminate between these options, but it is known that the mesopore walls
of SBA-15 are microporous.

With increasing observation time,Dpar in bundles of SBA-15 “threads” is found to be constant.
This indicates that, over the covered displacement range (up to 4µm), there are no particularly
pronounced transport resistances slowing down the rate of molecular propagation along the
SBA-15 nanopores.

The rate of propagation in the perpendicular direction, which is one and a half orders of magni-
tude slower, is found to increase with increasing propagation time. This suggests the existence
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of defects, which facilitate the escape of guest molecules out of the threads constituting a bundle.
In contrast to this behavior, in the fiber-like particles thediffusivity in directions perpendicular
to the nanopores is found to decrease with increasing observation times, and, hence, with in-
creasing displacements. This behavior may be related to thesmaller size of the silica particles
constituting a fiber, which results in stronger confinement of the fluid phase inside the silica
pores. Variation in size of the guest molecules as well as of the amount of the excess guest
phase between the particles would enable to trace the exchange rates between the different parts
of the hierarchical pore space of a nanostructured material.

This novel option of pore space exploration, namely “porometry by diffusion”, should enhance
our understanding of structured nanoporous materials.
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Chapter 3

Description of a Continuous Aerosol
Reactor Setup for the Synthesis of
Nanostructured Silica

3.1 Introduction

As discussed in Chapter 1, mesoporous silica was synthesized using a batch process that lasted
several days to achieve ordered materials. Furthermore, the batch process has inherent dis-
advantages of heterogeneity in morphology of the final product. In order to overcome these
limitations, a continuous reactor based on aerosols was designed and constructed.

There are at least two routes for the preparation of ultra fineparticles by aerosol processes. The
first involves gas-to-particle conversion and the second isthe liquid-to-solid particle conversion.
In gas-to-particle conversion, particles are generated bycooling a supersaturated vapor, involv-
ing the use of methods called physical vapor deposition (PVD) or “evaporation-condensation
method” and chemical vapor deposition (CVD) [1]. PVD involves the evaporation of a solid or
liquid which is the source of the vapor. Eventually, in the cooling stage, nucleation and con-
densation of the saturated vapor take place and solid particles are formed. In CVD, the vapor
evaporated from the solution precursors is thermally decomposed or reacts with another precur-
sor vapor or a surrounding gas. Finally, the solid particlesare formed by nucleation, conden-
sation and coagulation. Liquid-to-particle conversion (i.e., spray pyrolysis) is a representative
“break-down” method for aerosol processing [2]. The spraying method is often classified as
a liquid-phase method because solutions or sols are used. This method has been used to pre-
pare numerous types of functional particles. In comparisonto the gas-to-particle conversion
route, the spraying method is a simple and low-cost process.Multi-component materials are
also easily prepared by this route.

Suh and Suslick [3] used an inexpensive high-frequency ultrasound generator from a household
humidifier to produce porous silica particles that are porous on the nanometer scale. By using
two heated furnace zones, polymerization of organic monomers in the presence of silica colloid
was initiated, which created,in situ, a composite of silica with an organic polymer, followed
by a second heating to pyrolyze and remove the polymer. The final product was obtained by

21
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passing the aerosol exiting the furnace into water filled bubblers. It was shown that, in a single
flow process, ferromagnetic cobalt nanoparticles can be easily encapsulated in the porous silica,
and the resulting nanospheres are extremely resistant to air oxidation.

A variety of aerosol reactors is available for production ofultrafine powders. These are flame
reactors [4], furnace reactors [5], gas condensation methods, plasma reactors [6], and laser
ablation [7], to name a few.

The group of Prof. Kikuo Okuyama in Japan has reported impressive results using a tubular
aerosol reactor, a method that we also used in this thesis. Using the spray-pyrolysis method,
they prepared various functional fine particles, such as metal oxide superconductors [8], metal
sulfides [9] and some rare-earth-doped oxide phosphor materials [10]. Iskanderet al. [11,12]
synthesized porous silica particles with controllable pore sizes by a spraying a precursor con-
sisting of silica and polystyrene latex (PSL) nanoparticles and leading the droplets through a
heated tubular reactor. The pores on the surface of the particles, left after burning away the
template particles, were observed to be arranged into a hexagonal packing, and the pore size
was controlled by changing the template (PSL) particle size.

The present chapter deals with the development of the aerosol apparatus, which was eventually
used to synthesize nanostructured silica particles.

3.2 Experimental Setup

The aerosol experimental setup used in the present work essentially consists of an aerosol gen-
erator, possibly followed by a silica gel drier, a heated tubular reactor, and a particle collector.
Figure 3.1 shows a schematic diagram of the setup used for nanostructured particle production
in this thesis.

Precursor

Gas
Aerosol

Generator

Droplets Aerosol

Reactor
Solid

Product

Figure 3.1: Schematic of an aerosol particle production process

Liquid precursor and a carrier gas are fed into the generator, and the liquid is disintegrated
into fine droplets, which are then carried (by the gas) into the heated aerosol reactor. The final
product is collected on a particle filter. Details of each part of the setup will be described in due
course. The main feature of this process is that it is continuous with a process time of only a
few seconds.

The particle size distribution of the final product can be controlled by controlling the droplet size
distribution of the atomizer. Hence the final product depends upon the atomizer performance
and its correct use. Several atomizers were tested; some required modifications to be used for
our purpose.
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3.2.1 Atomizers/Nebulizers

Nebulizers are devices that were originally invented for inhalation therapy. The initial work on
water jets, and the concept of liquid jet disintegration anddroplet formation go back to Bidone
in 1829 [13] and Savart in 1833 [14]. In earlier times, the device was known as an apparatus for
the pulverization of liquids. Compressed air is used to drive the apparatus by exerting pressure
on a liquid, and atomization occurs at the end of a tube that has a small orifice.

The earliest nebulizers that were developed were based on three different basic principles:

• In the first type, a liquid jet impinges on a plate or an opposite jet to produce fine droplets.

• In the second type, air is turbulently mixed with the liquidto be atomized, which induces
atomization.

• In the third type, compressed air is mixed with liquid in such a way that it sucks the liquid
into the air stream, which is suddenly expanded at the exit ofthe nozzle.

The drop size and drop size distribution depend upon variousdesign parameters like nozzle
diameter and tube diameter, and operating parameters such as air pressure, liquid properties
such as density, viscosity, slurry concentration and surface tension. Every commercial nebulizer
has to be tuned or retrofitted for the suspension or slurry that needs to be atomized.

Several atomizers were used for the experiments in the present work. They are discussed below.

Ultrasonic nebulizer

The spray generator in this case was an ultrasonic particle generator with a 2.4 MHz resonator
(Sonaer Inc., Model 241PG MHz). It transforms low-viscosity liquids into fine droplets. It uses
the miniature 2.4 MHz model 241 Teflon-coated ultrasonic nebulizer unit shown in Figure 3.2.

The nebulizer mainly consists of a piezoelectric transducer that vibrates at a very high fre-
quency. This produces ultrasonic waves that travel throughthe liquid and breaks the liquid
surface into a fine mist (aerosol). The unit is fully microprocessor based, allowing the user to
program operating parameters into the unit, handling a widevariety of applications for repro-
ducible particle generation. On the front panel is an LCD display where the user can change
the rate at which particles are generated from 0 to 100 % of thefull output capability, in 5 %
increments. A 304 stainless steel T-junction for air inlet and aerosol outlet is fastened on the
nebulizing element with Teflon O-rings and clamps. A cylindrical metal reservoir is provided
for the liquid precursor, and is connected to the nebulizingchamber with teflon tubes and an
actuated valve. The nebulizing chamber is equipped with an external teflon optical sensor for
keeping the liquid level to the correct height by regulatingthe flow of liquid from the reservoir,
thus preventing damage to the nebulizing element, should the unit run dry. The microprocessor
handles all the functions of the 241PG, including timed operation where particles can be made
in preprogrammed amounts.

The nebulizer as obtained from the manufacturer had certainlimitations for the present ex-
perimental needs. No aerosol was observed leaving the outlet on operating the atomizer with
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Figure 3.2: Ultrasonic nebulizer

compressed air, even though a mist was formed. A pair of blindflanges was fitted with 6 mm
stainless steel tubing. These were attached to the T-junction with O-rings and stainless steel
clamps, and served as inlet and outlet for the carrier gas andthe generated aerosol, respectively.
It was observed that on operating the atomizer with liquid, the incoming air was incapable of
transporting all of the fine mist of droplets generated from the liquid surface. This was due to
the fact that the air coming into the T-junction followed thepath of least resistance by flowing
in a straight line. The path of the incoming air needed to be diverted close to the liquid surface
in the nebulizing chamber for efficient transportation of the droplets by the air in the form of an
aerosol, and to allow for sufficient dilution of the generated droplets (to minimize agglomera-
tion). This was achieved by manufacturing a stainless steeltube with one end connecting the air
inlet, while the other end was welded to an L-junction and placed inside the nebulizer T (shown
in Figure 3.3).

The end of the L-junction allowed fixing of small metal tubes held together by O-rings for an
air-tight connection. These tubes could be easily detachedand replaced. A tube of 7 cm in
length was used for all the experiments.

Furthermore, it was also observed that the compressed air fed to the atomizer bypassed the air
outlet, and instead passed through the liquid inlet of the nebulizing chamber, leading to bubbling
of the liquid in the precursor reservoir. As a result, there was no generation of aerosol. This
problem was solved by equalising pressures at the nebulizerinlet and the space above the liquid
in the reservoir by connecting an air line to the top of the reservoir (shown in Figure 3.3). The
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Figure 3.3: Retrofitted parts of the Ultrasonic nebulizer

final configuration allowed continuous generation of aerosol.

Reasons for switching from Ultrasonic to TSI atomizer

Earlier experiments using colloidal nanoparticle solutions performed with the Sonaer 241PG
Ultrasonic nebulizer were successful. Nearly spherical nanoparticle agglomerates were ob-
tained using a colloidal nanosilica solution (nominal particle size = 7 nm) with a surface area
of 133 m2/g (see APPENDIX-A). However, using a precursor solution consisting of tetra-ethyl
orthosilicate and surfactant, led to foam production (due to vigorous agitation of the surfac-
tant during the nebulization process), and no product was produced. The foaming problem was
solved by adding ethanol to the precursor. However, the resulting solution could not be nebu-
lized. In this case, on operating the nebulizer, only a fountain of coarse droplets was generated
and no fine mist was produced. Another precursor solution wasprepared with just sufficient
ethanol to prevent foaming but led to the same result. Possible reasons for this occurrence
could be the strong influence of precursor viscosity and surface tension on the nebulization
process. The ultrasonic atomization process involves a generation of waves by a piezoelectric
crystal vibrating at a very high frequency, which leads to cavitation, resulting in the production
of fine droplets. The chemical composition utilized alters the liquid surface tension and viscos-
ity, affecting the cavitation process, and hindering the production of fine droplets. Hence, it was
decided to use an atomizer with a different working principle - the TSI 3076 Atomizer.
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TSI 3076 Atomizer

The TSI 3076 Atomizer is shown in Figure 3.4. Compressed air expands through an orifice to
form a high-velocity jet. Liquid is drawn into the atomizingsection through a vertical passage
and is then atomized by the jet. The droplets impinge on the wall, where large ones are removed,
and impaction causes the formation of small droplets. Excess liquid is drained at the bottom of
the atomizer assembly block. A fine spray leaves the atomizerthrough a fitting at the top.

Compressed

Air In

Aerosol Out

Liquid In

Excess Liquid

to Closed

Reservoir

Figure 3.4: TSI 3076 Atomizer [15]

BGI Inc. Collison Atomizer

In spite of the successful operation of the TSI 3076 atomizer, we found it difficult to repeatedly
clean some parts of the equipment, due to the difficulties to access them.

We then switched to the BGI Inc. Collison atomizer, which operates on a similar principle, but
has a much simpler design, as shown in Figure 3.5 (a) and (b). The device consists of a nozzle
head, connected to the incoming compressed gas via a vertical hollow stem. A glass jar serves
as the precursor reservoir, and there is an outlet for the aerosol. The nozzle head consists of
six symmetrically placed holes, while in Figure 3.5 (b) onlytwo are shown for the purpose of
illustration. At the bottom of the nozzle piece are uniform holes, which are drilled through till
the nozzle exit.

When compressed gas is passed through the device and is aboutto leave the nozzle, it creates a
negative pressure gradient, and liquid is sucked in throughthe bottom of the nozzle head. The
liquid mixes with the gas and exits through the nozzle as a finejet. This jet impacts the wall
of the glass jar and the coarse droplets are returned to the reservoir while the fine aerosol (gas
carrying a fine mist of droplets) leaves the atomizer exit. Itis of paramount importance that the
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nozzle is immersed in the liquid at all times to ensure continuous operation. Furthermore, the
liquid level should not be too high to avoid interference with the forming jet.

The present configuration of the Collison atomizer had to be modified for continuous operation.
A fine tube was attached from the top lid of the atomizer to a slit made in the nozzle head, as
shown in Figure 3.6. This tube was connected to a 1/8” Swagelok connector in the atomizer lid.
Liquid was subsequently fed through from a syringe pump (shown in Figure 3.6) using 60 ml
BD Plastipak syringes. A metal sleeve at the bottom of the nozzle provided additional length to
contact the precursor liquid.

The 6-jet atomizer generates nearly 8 l/min of aerosol at a pressure of 1 barg. Two liters per
minute were passed through the reactor, and remaining excess aerosol was fed to an aerosol
collector (conical flask filled with water to collect any solid matter) and then released into the
fumehood.

In order to generate aerosol at low flow rates, another nozzlehead was constructed in-house,
based on a design by May [17]. This has a single opening for a single jet with a flow rate of 2.0
l/min operated at 1.0 barg inlet pressure.

3.2.2 Diffusion Drier

In certain experiments an in-house built diffusion drier was used to dry the droplets at room
temperature. The diffusion drier consists of a cylindricalPerspex tube housing with a coaxial
wire screen cylinder placed in the center. The annular spacebetween the cylinder and the
housing is filled with silica gel. One end of the silica gel drier can be opened to feed the silica
gel and can be easily tightened with O-rings for a gas tight connection. As the wet aerosol
flows through the inner cylinder, water vapor diffuses through the wire screen and into the silica
gel. Particle loss from the aerosol is minimal, since the particles have a much smaller diffusion
coefficient than the water molecules. When the gel becomes saturated with moisture, its color
changes from orange to colorless, indicating that it needs to be regenerated. This can be carried
out in an oven at 120◦C.

3.2.3 Aerosol Reactor

A tubular oven (Model Carbolite) served as a basis for the aerosol reactor. Basically, the reactor
is a hollow tube in ceramic, quartz or glass, placed inside a tubular furnace with a heated length
of 100 cm. The furnace has a maximum operating temperature of1000 ◦C. The furnace is
divided into three zones and the temperature of each zone canbe maintained using a temperature
controller. Two ceramic discs (99.7 %Al2O3, diameter = 104 mm, thickness = 10 mm, GIMEX
technische keramiek B.V.) were modified to act as supports for the ceramic tube. Concentric
circular discs of diameter 30 mm were cut out from the ceramicdiscs. The discs were also
machined to fit within the tubular furnace.

Furthermore, each of the discs were cut into equal halves andfitted with metal strips for con-
necting to the furnace. The tube to be heated was placed within the tubular furnace, and parallel
to its axis, with the help of these ceramic discs as supports.Three different kinds of tubes were
used in the experiments.
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Figure 3.5: (a) and (b) BGI Inc. Collison atomizer [16]

Ceramic tube

A ceramic tube (70-75 % porousAl2O3) with a length of 120 cm and an inner diameter of 2.0
cm was procured from GIMEX technische keramiek B.V. The endsof the ceramic tube were
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Figure 3.6: Collison atomizer with external feed connection

fitted with CF metal flanges (Hositrad B.V.), and the interface was sealed with a chemically
setting cement (Sauereisen No. 29, Permacol B.V.). The inlet flange was connected with 6 mm
stainless steel tubing for aerosol entry, and the flange at the other end had an opening for aerosol
exit (connecting to 6 mm S.S. tubing) and for placing a thermocouple within the ceramic tube
in the axial position.

Quartz/Glass tube

A quartz tube, 110 cm in length with an inner diameter of 2.0 cm, and glass flanges at its ends,
was used as well. The ends of the tube were connected to the rest of the setup with KF 40
clamps. In another set of experiments a glass tube of similardimensions was also used.

Thermocouple

A temperature profile probe with custom specifications was procured from OMEGAr. It con-
sists of 6 k-type thermocouples with the sensing ends placedat different positions enclosed
inside a stainless steel protective casing. The length of the probe was nearly 110 cm, and output
leads were provided for connections to a thermocouple A/D card (Measurementcomputingr)
to record the temperature online in an MSrExcel file. This allowed continuous monitoring of
the axial temperature profile in the aerosol reactor. The thermocouple was placed in the axial
position with the help of three ceramic supports screwed on to the thermocouple.



30 CHAPTER 3. AEROSOL REACTOR

3.2.4 Collection filter

The resulting fine particles exiting the reactor were collected on an in-house made stainless
steel aerosol filter. It consists of a Whatmanrgrade membrane filter (retention size of 0.45µm)
placed on a porous ceramic plate. The stainless steel housing of the filter was wrapped with a
heating tape with which the temperature was kept at 80◦C.

Table 3.1 gives a brief summary of the operating conditions in the aerosol equipment.

Table 3.1: Operating conditions of aerosol equipment

Gas flow rate [l/min] 2.0
Residence time in diffusion drier [s] 9.0
Residence time in aerosol reactor [s] 9.4
Typical production capacity [mg/h] 160

3.3 Conclusions

Several atomizers were utilized to generate aerosols for nanostructured silica production. In
the course of experimentation, it was observed that the Collison atomizer was best suited for
the experiments as compared to the TSI atomizer and the ultrasonic nebulizer. Furthermore, an
aerosol equipment consisting of an aerosol generator, aerosol reactor and collection filter was
successfully constructed in-house with suitable modifications for the continuous production of
nanoporous silica.
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Chapter 4

Preliminary Studies on the Production of
Nanostructured Porous Silica by
Evaporation-Induced Self-Assembly of
Aerosols

4.1 Introduction

Surfactant templated nanostructured materials have attracted considerable attention, owing to
their unique properties such as a controllable pore structure, a high surface area and a narrow
pore size distribution, which make these materials potential candidates for applications in het-
erogeneous catalysis, chromatography, controlled drug release, and optical applications [1-2].

Ordered mesoporous materials with well-defined pore sizes [3], such as MCM-41 and SBA-
15 [4], have been widely synthesized via self-assembly of cationic or non-ionic surfactants
and oligomeric silica under batch conditions. The process is usually conducted over a period
of several days to obtain a high degree of order of the pores inthe final inorganic material. A
novel, rapid synthesis approach [5], namely, aerosol-assisted evaporation-induced self-assembly
(EISA), allows the production of mesostructured particleswithin a process time of only several
seconds, much shorter than the conventional approach. The EISA route combines the simplicity
of the sol-gel process with the efficiency of surfactant self-assembly, allowing rapid synthesis of
mesostructured thin films, particles, and arrays with controlled morphology and mesostructure
[6,7]. The process is continuous and scalable. Particles can be synthesized over a wide size
range by controlling the operating conditions. The particles are generally spherical, which fre-
quently has advantages for subsequent powder handling and processing. The non-equilibrium
feature of the EISA process allows the incorporation of various non-volatile components such as

This chapter is based on the following publication:
R. Pitchumani, A. Schmidt-Ott, M.-O. Coppens,Proceedings of the 5th World Congress on Particle Technology,
Florida, USA, April 2006
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functional organic molecules, particles and polymers within the self-assembled mesostructures,
providing a general and flexible approach for nanocompositefabrication [8]. An interesting
feature from the perspective of material synthesis is that the method enables the uniform incor-
poration into every synthesized particle of chemical species that can be dissolved or dispersed
into a precursor solution.

Figure 4.1 shows the schematic diagram of the mechanism of formation in the EISA process.
Starting with aerosol dispersion of the precursor solutionusing an atomizer, solvent evaporation
creates a radial gradient of surfactant concentration within each droplet that steepens in time [9].
This enrichment of the surfactant induces silica-surfactant self-assembly. The radial concentra-
tion gradient and presence of the liquid-vapor interface (which serves as a nucleating surface)
promotes silica hydrolysis and condensation reactions forming structured powders. Subsequent
calcination of the powder for surfactant removal leads to mesostructured particles with a high
surface area. The process is continuous and scalable, and the product particle size distribution
can be controlled by tuning the operating conditions. This aerosol scheme generates precursor
droplets with a size of several micrometers, each with an identical composition, making this ap-
proach particularly attractive for the uniform incorporation of active metal species in the silica
framework [5,10].

Here, we report on the aerosol synthesis of porous silica particles with large mesopores of a
controlled size using micelles of a non-ionic block copolymer surfactant as a template.
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evaporation

Solvent

evaporation

Solvent

evaporation
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silica species
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Wet gel

Inorganic/organic
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• Co-operative self-assembly

• Mesostructuring

Inorganic condensation Surfactant removal by

calcination

Figure 4.1: Schematic diagram of the EISA process (adapted from [7])

4.2 Experimental

4.2.1 Experimental setup

The schematic arrangement of the spray pyrolysis apparatusis shown in Figure 4.2. An atomizer
produces a constant stream of fine droplets. Two models were used, a TSI 3076 atomizer



4.2. EXPERIMENTAL 35

(operated at 1.5 barg) and a BGI Inc. Collison nebulizer (operated at 1.0 barg), as described
in chapter 3 (section 3.2.1). Droplets were transported by acarrier gas through a silica gel
drier, followed by a three-zone tubular furnace. The obtained powder was collected on a filter
maintained at 60-80◦C by a heating tape to prevent condensation of water vapor. The flow rate
of the carrier gas (air) through the tubular reactor was keptconstant at 2.0 l/min by using a mass
flow controller and pump installed after the collection filter.

4.2.2 Synthesis Procedure

The precursor solution for the aerosol experiments was composed of a silica source (tetra-
ethoxy silane, TEOS), a non-ionic surfactant (tri-block copolymerEO20PO70EO20, P123), HCl,
deionized water and ethanol (EtOH). A typical solution was prepared by first dissolving P123
in a mixture of ethanol and water (pH adjusted to pH = 1.2 usingHCl). TEOS was then added,
and the mixture was stirred at room temperature for 1 h to obtain a homogeneous solution. The
precursor solution remained clear throughout the durationof aerosol generation.

The molar composition of the starting solution and the corresponding furnace temperatures
used for the experiments are given in Table 4.1. The temperature set points of the furnace
heating zones were increased in steps to ensure a gradual heating of the incoming droplets. The
powders obtained were calcined at 250◦C for 3 h and then at 550◦C for 7 h using a heating
rate of 5◦C/min to remove the organic template. Samples obtained using the TSI atomizer are
denoted by prefix “T” and those produced using the Collision nebulizer are denoted by prefix
“C”. Experiments were also performed in the absence of the silica gel drier (foreg. sample
C-H-2-ND).

Air
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Silica-Gel
Drier

3 Zone
Tubular Furnace

Collection
Filter

HEPA
Filter

Exhaust

Pump

Zone 1 Zone 2 Zone3

MFC : Mass flow controller

MFC

MFC

Figure 4.2: Experimental apparatus

4.2.3 Material characterization

The calcined samples were analyzed using nitrogen adsorption and desorption. The isotherms
were measured using a Quantachrome Autosorb-6B sorption analyzer. Prior to the isotherm
measurements, the samples were degassed at 350◦C overnight.

Powder X-ray diffraction (XRD) patterns of products obtained were recorded using a Bruker
D8 Discover diffractometer with a Cu Kα X-ray source (λCu = 0.154 nm).
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Scanning electron microscopy (SEM) images of samples were obtained with a JEOL JSM
6500F microscope.

High resolution transmission electron micrographs (HRTEM) were made using a Philips CM30T
electron microscope with a LaB6 filament as the electron source, operated at 300 kV. Samples
were mounted on a microgrid carbon polymer, which was fixed ona copper/nickel grid.

4.3 Results and Discussion

There are several operating variables involved in the production of nanostructured particles.
Hence experiments were conducted to discover the variablesto be studied in more detail in the
next Chapter. The most important characteristics, such as surface area, pore volume and pore
diameter were estimated for the particles produced.

Table 4.1 shows the experiments conducted to find the effect of different nebulizers and the
use of the silica gel drier. As mentioned earlier, two types of nebulizers, namely a TSI 3076
atomizer (T) and a Collison atomizer (C), were used.

Table 4.1: Effect of P123/TEOS, the type of nebulizer, and the silica gel drier

Ref. P123/TEOS Sa
BET V b

t dc
BJH Remarks

[-] [m 2/g] [cm3/g] [nm]
T-H-1 0.008 248 0.46 11.1 TSI atomizer
T-H-2 0.010 266 0.60 11.1 TSI atomizer
C-H-1 0.010 291 0.70 11.1 Collison atomizer

C-H-2-ND 0.010 290 0.70 12.8 Collison atomizer without drier

Conditions kept constant:
EtOH/TEOS =30,H2O/TEOS = 40, HCl/TEOS = 0.0525,
T1 = 150◦C,T2 = 250◦C,T3 = 350◦C,
Note: a BET surface area,b total pore volume,c BJH pore diameter.

By increasing the P123/TEOS ratio from 0.008 to 0.01, one sees a minor increase in surface
area of 18 m2/g while there is a substantial increase in pore volume from 0.46 to 0.60 cm3/g.
It is also observed in Table 4.1 that the particles produced with the Collison nebulizer have a
slightly higher surface area compared to those synthesizedusing the TSI atomizer, even though
the difference in pore volume is small. An additional experiment performed in the absence of
the silica gel drier resulted in particles with nearly the same BET surface area of 290 m2/g, but
with an increase in the BJH pore size to 12.8 nm. The Collison atomizer was used in subsequent
experiments, because of its simple construction and because it can be easily cleaned, in contrast
to the TSI atomizer.

The effect of the furnace temperature on the textural properties was also studied. The furnace
is divided into three zones, and temperatures were adjustedas shown in Table 4.2.T1 stands
for the temperature in the first or initial zone,T2 for that in the middle zone andT3 for the
temperature in the final zone of the furnace.

It can be inferred from Table 4.2 that the temperature of the furnace has a significant effect on
surface area and pore volume. Surface area, pore volume and average pore diameter all increase
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Table 4.2: Effect of furnace temperature

Ref. T1 T2 T3 SBET Vt dBJH Remarks
[◦C] [◦C] [◦C] [m2/g] [cm3/g] [nm]

C-H-3-ND 80 90 100 85 0.14 7.3 Collison atomizer without drier
C-H-4-ND 50 150 250 269 0.56 11.2 Collison atomizer without drier
C-H-2-ND 150 250 350 290 0.70 12.8 Collison atomizer withoutdrier

Conditions kept constant:
P123/TEOS = 0.01,H2O/TEOS = 40, EtOH/TEOS = 30, HCl/TEOS = 0.0525.
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Figure 4.3: (a) N2 adsorption/desorption isotherms, and (b) pore size distributions of samples
(obtained by applying the BJH model to the adsorption branchof the isotherm)

upon increasing the temperature in the furnace.

Figure 4.3 shows theN2 adsorption/desorption isotherms and the corresponding pore size dis-
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tributions of the synthesized materials, estimated using the BJH method on the adsorption
isotherms. The solutions prepared using a strong acid (HCl)led to particles with nitrogen
adsorption isotherms of type IV with a large hysteresis of type H1 [11]. The hysteresis in the
isotherms is typical of non-cylindrical pore systems with apore opening that is smaller than the
inner diameter of the pore [12]. An experiment performed with a weak acid (H3PO4, ref. no.
T-P-3) led to very low surface area silica.

Figure 4.4: SEM images of sample T-H-1

SEM images of the powders show smooth spherical particles inthe size range of 0.05 - 1.5
µm, independent of the atomizer used. Figure 4.4 shows sampleT-H-1, as a representative
example. The broad distribution in particle size is due to the polydisperse nature of the initial
droplet distribution generated by the atomizers. If desired, it could be narrowed by using other
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spraying methods, but this is not the immediate objective ofthis work.
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Figure 4.5: XRD patterns of samples T-P-3, T-H-1 and T-H-2

XRD analysis of particles generated from solutions containing HCl (T-H-1 and T-H-2) exhibit
a strong peak corresponding to a (100) reflection with a d-spacing of 13 and 12.8 nm, respec-
tively (Figure 4.5). Hampseyet al. [6] observed a similar strong (100) peak (in addition to a
weak (200) reflection) in the diffraction patterns of mesoporous metal-SiO2 particles synthe-
sized using the aerosol process. The sample prepared using aprecursor containing phosphoric
acid (T-P-3) showed a single weak diffraction peak indicating a low degree of ordering of the
pore channels.

The internal pore structure of the particles is further revealed by TEM images (Figure 4.6).
The core of the spherical particles seems to consist of a wormlike structure, surrounded by a
silica skin [13]. The presence of micropores in the silica skin may lead to delayed desorption
of N2 at low relative pressures (see Figure 4.3a). The TEM image ofsample C-H-2-ND (Figure
4.7) shows two distinct pore structures within a single particle. The inner core consists of
disordered pores, while, at the edges, the pores seem to be aligned parallel to the surface due to
the spherical nature of the particles. Should this model be correct, core-shell, mesostructured
particles synthesized in this way might serve as excellent delivery devices for controlled drug
release schemes and for encapsulation of active metal nanoparticles. TEM images have to be
interpreted with care: it is very difficult to ascertain the three-dimensional structure of complex
particles from two-dimensional projections. Three-dimensional TEM can be more revealing,
although, also here, the interpretation is based on the reconstruction of a three-dimensional
image from two-dimensional projections. Preliminary 3D TEM “videos”, in collaboration with
Ziese and Zandbergen (not shown here), display areas of local order, with, for the investigated
particles, locally approximately parallel, curved pore bundles packing the interior of the spheres,
and the outermost pores parallel to the sphere’s surface.
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Figure 4.6: TEM images of particles (T-H-1)
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Figure 4.7: TEM image of mesoporous silica (C-H-2-ND)

4.4 Conclusions

Spherical nanoporous silica particles with a large pore size were synthesized through an aerosol-
assisted process. The robust nature of this continuous aerosol process can be exploited to pro-
duce hierarchical porous materials with a tunable pore network. The present preliminary study
indicates that it is necessary to adopt a more rigorous experimental procedure to fully understand
the effect of the different experimental conditions on the textural properties of the synthesized
particles. The next Chapter presents more experimental results, and discusses the use of a sta-
tistical factorial design methodology to investigate which combinations of variables affect the
texture.
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Chapter 5

Statistics-Aided Optimal Design of a
Continuous Aerosol-Based Synthesis of
Nanostructured Silica Supports

5.1 Introduction

Mesoporous materials with tunable pore sizes in the range of2-50 nm have attracted great
interest among the scientific community, owing to their potential applications in catalysis, ad-
sorption, chromatographic and membrane separation, controlled drug release, and optics. Vinu
et al. [3] have recently reviewed new methods for the synthesis of new families of nanostruc-
tured materials. Ordered mesoporous materials with well-defined pore sizes, such as MCM-41
[4] and SBA-15 [5,6], are typically synthesized via self-assembly of cationic or non-ionic sur-
factants and oligomeric silica under batch conditions. Theprocess is usually conducted over a
period of several days to obtain a high degree of order in the final inorganic framework.

An alternate, rapid synthesis approach, namely aerosol-assisted evaporation-induced self-
assembly (EISA), was introduced by Luet al. to produce mesostructured particles within a
process time of only a few seconds [7]. This approach has beenused to synthesize spherical
particles with well-ordered mesopores in a hexagonal, cubic, and vesicular topology, using dif-
ferent structure directing agents as templates [8-10]. Theprocess is continuous and scalable,
and the product particle size distribution can be controlled by tuning the operating conditions.
This aerosol scheme generates precursor droplets with a size of several micrometers, each with
an identical composition, making this approach particularly attractive for the uniform incorpo-
ration of active metal species (e.g. Al, Zr) in the silica framework [7,11] or deposited in the
form of nanoparticles in the mesoporous silica pore structure [12]. Another advantage is the
ability to easily synthesize spherical particles. Brinkerand co-workers [13] utilized this aerosol
method to demonstrate the rapid synthesis of continuous, mesostructured thin films with easily

This chapter is based on the following publications:
R. Pitchumani, A. Schmidt-Ott, M.-O. Coppens, J. Nanosci. Nanotech. (2008)(accepted).
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controllable mesostructures on large-scale planar and non-planar substrates as compared with
the dip-coating or spin-coating processes. Boreet al. [14] used spherical mesoporous silica
particles prepared by EISA as templates to form Pt nanowiressuitable for gas phase catalytic
reactions.

The sol-gel synthesis of SBA-15 involves the use of a tri-block copolymer, P123
(EO20PO70EO20) as a template. P123 is a non-ionic surfactant, consisting of blocks of ethylene
oxide (EO) and propylene oxide (PO). This surfactant forms cylindrical micelles, which act as
a template. Apart from the fact that SBA-15 can be synthesized in a variety of morphologies
[15-19], it has special features such as tunable large mesopores, and relatively high hydrother-
mal stability [20] owing to thick pore walls, making it particularly attractive as heterogeneous
catalyst support [21]. Hence, we selected this template forour present experiments. However,
despite the attractiveness of the EISA method to generate mesostructured silicas using P123 as
the structuring agent, systematic studies on the effects ofexperimental conditions are lacking.
Conventional studies typically involve varying a single parameter, keeping all other conditions
constant. Such a methodology, however, requires a large number of experimental trials, since
so many experimental parameters could be varied. For example, to investigate a system with 4
experimental parameters each at 4 conditions requires 256 (= 44) experiments. Observed trends
in product properties resulting from an arbitrary or poorlychosen subset of these conditions
could be misinterpreted as a general variation over the entire range of conditions. This problem
can be overcome by using a factorial experimental design to conduct the experiments [22,23].
A 2-level, 4-parameter factorial design requires only 16 (=24) experimental trials, and these
data could be effectively processed using appropriate statistical procedures to derive useful in-
formation, such as identifying the important variables with respect to a particular property, and
the sensitivity of the property to those variables. Tagliabue et al. [24] employed a factorial
design strategy with a stepwise linear discriminant analysis to investigate the effect of seven
variables on the formation of MFI zeolite. They identified the SiO2 : Al 2O3 ratio as the most
influential synthesis variable. A factorial design methodology has also been applied to study
the alcoholysis transformation promoted by cutinase on NaYzeolite, involving a large number
of parameters, such as temperature, buffer molarity, pH of the enzyme solution, and alcohol
concentration, so as to determine the main effects and theirinteractions [25].

In the present work, we study the synthesis of mesostructured silica particles using P123 as the
only structure-directing agent, by employing a factorial design methodology to determine the
significance of furnace temperature and precursor composition (P123/TEOS,H2O/TEOS, and
EtOH/TEOS ratios) on the textural properties of the products.

5.2 Experimental

5.2.1 Experimental apparatus

The aerosol apparatus schematically shown in Figure 5.1 wasused to synthesize the mesoporous
particles. The equipment consists of three main components- an aerosol generator, a heated
tubular reactor and a collection filter.

A 6-jet Collison atomizer (BGI Inc., USA) was modified for continuous aerosol generation. The
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Collison atomizer consists of a 6-jet nozzle attached to a metal stem immersed in a reservoir of
liquid to be sprayed. When compressed gas is passed through the gas inlet, the gas expands as
it leaves the nozzle outlet creating a reduction in static pressure. This pressure reduction sucks
liquid from the reservoir, which is carried along with the expanding gas in the form of a high
velocity spray. The spray impacts the glass wall, and the coarse droplets return to the reservoir
while the fine droplets exit the atomizer outlet in the form ofan aerosol. Six symmetric jets (one
for each nozzle) emanate from the atomizer and impact the glass wall. To provide a constant
flow of liquid to the atomizer, an external feed adapter was fabricated in-house and connected to
the nozzle through a thin metal tube. Liquid was fed to the reservoir with the help of an infusion
pump (AITECS) operated at constant flow. This ensured that the nozzle was kept immersed in
a layer of liquid at all times for uninterrupted operation.

A tubular furnace (VCTF-7, Vecstar Ltd.) with a heated length of 1 m was retrofitted to be
used as an aerosol reactor. A quartz tube with I.D. 20 mm was fabricated and placed in the
centre of the tubular furnace with the help of ceramic supports. The ends of the quartz tube
were interfaced with KF flanges (Hositrad B.V.) fitted with connections for aerosol inlet and
exit. The KF flanges were fastened with clamps along with O-rings for a leak tight connection.

The particles from the aerosol were collected using a particle filter. The filter consists of a
membrane filter paper (WhatmanTM ) placed on a porous disk enclosed inside a metal housing.
The housing was heated with the help of a heating tape controlled by a temperature controller.
A constant flow in the aerosol reactor was maintained by meansof a mass flow controller (MKS
Instruments) and a membrane pump at the end of the collectionfilter.
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Filter
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Pump
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Collison Atomizer
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Figure 5.1: Aerosol equipment for production of mesoporoussilica particles

5.2.2 Precursor preparation

The precursor solution for the aerosol experiments was composed of a silica source, tetra-ethoxy
silane (TEOS), a non-ionic surfactant, Pluronic P123 tri-block copolymer (EO20PO70EO20),
HCl , deionized water and ethanol (EtOH) at room temperature. A typical solution was prepared
by first dissolving P123 in a mixture of ethanol and water. ThepH of H2O was brought to
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1.2 using HCl. TEOS was subsequently added and the mixture was stirred for 1 h at room
temperature to obtain a homogeneous solution.

5.2.3 Experimental procedure

A sufficient amount of precursor solution was transferred tothe glass jar of the Collison atom-
izer, such that the nozzle was partially immersed without obstructing the jet formation. The
remaining liquid was transferred to a 50 ml syringe and placed in the infusion pump. Nitrogen
as a carrier gas at 1.0 barg was passed into the Collison atomizer. The flow rate of aerosol
through the heated aerosol reactor was maintained at 2.0 l/min using the mass flow controller.
The excess aerosol from the atomizer was collected in an aerosol trap before releasing it into
the fumehood. The precursor liquid was fed to the atomizer at35 ml/h by adjusting the speed of
the syringe pump. The synthesized particulate aerosol leaving the aerosol reactor was collected
on the membrane filter heated to 80◦C. The powders collected on the filter were calcined at 425
◦C for 3 h at a heating rate of 1◦C/min to remove the organic template.

5.2.4 Factorial design of experiments

The experimental conditions were obtained by using a 24 factorial design containing 2 levels
and 4 variables (experimental parameters or factors) [26].Three variables describe the precur-
sor composition, expressed as molar ratios with respect to TEOS (P123/TEOS,H2O/TEOS,
EtOH/TEOS), and the fourth one is the maximum furnace temperature setpoint (T ). The values
of these variables are assigned to levels. The actual valuesof the experimental parameters are
given in Table 5.1. The fractional factorial design of experiments involves the combination of
these variables at different levels, and is given in Table 5.2. The first 16 experiments involving
levels -1 and +1 were used for the determination of the significant variables.

Table 5.1: Experimental conditions

Levels Factors
P123/TEOS, T , H2O/TEOS, EtOH/TEOS,

x1 [-] x2 [oC] x3 [-] x4 [-]
-1 0.0095 120 10.1 4.4
+1 0.018 310 34.9 25.6√

2 0.0078 80 5 0√
2 0.02 350 40 30

0 0.01375 215 22.5 15

The levels of the different factors were selected on the basis of published literature. A value
of 0.0095 for the P123/TEOS ratio was typically used to obtain uniform mesopores using the
aerosol scheme [7]. A much higher P123/TEOS would increase the pore volume. This led
us to choose the maximum value of P123/TEOS as 0.018. Baccileet al. [8] showed that a
maximum furnace temperature of 350◦C led to ordered mesoporous silica particles. Higher
temperatures led to a reduction in structural order. Additionally, a composition of TEOS :
surfactant :H2O : EtOH = 1 : x : 40 : 30, wherex ranged from 0.0035 to 0.35, was used
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Table 5.2: Fractional factorial design for the four experimental variables, and the corresponding
BET surface areas and pore volumes of the products obtained

S.No. P123/TEOS, T , H2O/TEOS, EtOH/TEOS, SBET Vt

x1 [-] x2 [oC] x3 [-] x4 [-] [m 2/g] [cm3/g]
1 0.018 310 34.9 25.6 377 0.55
2 0.018 310 34.9 4.4 377 0.52
3 0.018 310 10.1 25.6 487 0.74
4 0.018 310 10.1 4.4 439 0.56
5 0.018 120 34.9 25.6 410 0.50
6 0.018 120 34.9 4.4 346 0.42
7 0.018 120 10.1 25.6 483 0.59
8 0.018 120 10.1 4.4 387 0.41
9 0.0095 310 34.9 25.6 355 0.70
10 0.0095 310 34.9 4.4 343 0.61
11 0.0095 310 10.1 25.6 406 0.68
12 0.0095 310 10.1 4.4 379 0.68
13 0.0095 120 34.9 25.6 286 0.50
14 0.0095 120 34.9 4.4 290 0.49
15 0.0095 120 10.1 25.6 322 0.53
16 0.0095 120 10.1 4.4 309 0.52
17 0.01375 215 22.5 15 316 0.66
18 0.02 215 22.5 15 388 0.54
19 0.0078 215 22.5 15 278 0.44
20 0.01375 350 22.5 15 305 0.71
21 0.01375 80 22.5 15 240 0.40
22 0.01375 215 40 15 313 0.62
23 0.01375 215 5 15 433 0.50
24 0.01375 215 22.5 30 306 0.53
25 0.01375 215 22.5 0 298 0.59

to generate mesostructures with different surfactants [8]. However, the effect of using a lower
relative water or ethanol content or a combination thereof,was not discussed. The present study
attempts to investigate these effects.

5.2.5 Material characterization

The calcined samples were analyzed using a Quantachrome™Autosorb-6B sorption analyzer to
determine the nitrogen adsorption/desorption isotherms at 77 K. The samples were degassed at
100 ◦C prior to the measurements. The BET surface areas (SBET ) and the total pore volumes
(Vt) measured for the products are given in Table 5.2.

Powder X-ray diffraction (XRD) patterns of products obtained were recorded using a Bruker D8
Discover diffractometer with a Cu Kα X-ray source (λCu = 0.154 nm). Scanning electron mi-
croscopy (SEM) images of samples were obtained with a JEOL JSM 6500F microscope. High-
resolution transmission electron micrographs (HRTEM) were made using a Philips CM30T
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electron microscope with a LaB6 filament as the electron source, operated at 300 kV. Samples
were mounted on a TEM grid consisting of a copper/nickel supported carbon polymer film.

5.3 Results and Discussion

5.3.1 Estimation of significant variables

Effect of variables on BET surface area (SBET )

A rigorous statistical analysis was carried out to determine the significant variables by following
the procedures laid down by Yates as described in the book by Box et al. [22] and Daniels
[27]. These methods allow analysis of experimental data in the absence of replicated runs.
The first step involved the use of Yates’s algorithm [22] to calculate the effects of different
factors/variables and their interactions (2, 3 and 4 factors) on the BET surface area (SBET ) of
the products. The termeffect refers to the influence of a variable in question on the dependent
variable (here beingSBET ) over all the conditions of the other variables. More literally, it is the
difference between the average value of the response (SBET ) of the runs at high level and the
average value of the response of the runs at low level.

In order to apply Yates’s algorithm, the observations givenin Table 5.2 are retabulated in a
standard order, such that thexk column (k = 1, 2, 3, 4) alternatingly consists of2k−1 times−1,
followed by2k−1 times+1, as shown in Table 5.3.

Table 5.3: Calculation of Yates’s algorithm forSBET

S. No. Exp. Divisor Effect
No. x1 x2 x3 x4 y [x1] [x2] [x3] [x4] Estimate Type∗

1 16 -1 -1 -1 -1 309 696 1514 2870 5996 16 374.75 Average
2 8 +1 -1 -1 -1 387 818 1356 3126 616 8 77 1
3 12 -1 +1 -1 -1 379 636 1698 228 330 8 41.25 2
4 4 +1 +1 -1 -1 439 720 1428 388 -222 8 -27.75 12
5 14 -1 -1 +1 -1 290 805 138 206 -428 8 -53.5 3
6 6 +1 -1 +1 -1 346 893 90 124 -144 8 -18 13
7 10 -1 +1 +1 -1 343 696 242 -40 -90 8 -11.25 23
8 2 +1 +1 +1 -1 377 732 146 -182 -26 8 -3.25 123
9 15 -1 -1 -1 +1 322 78 122 -158 256 8 32 4
10 7 +1 -1 -1 +1 483 60 84 -270 160 8 20 14
11 11 -1 +1 -1 +1 406 56 88 -48 -82 8 -10.25 24
12 3 +1 +1 -1 +1 487 34 36 -96 -142 8 -17.75 124
13 13 -1 -1 +1 +1 286 161 -18 -38 -112 8 -14 34
14 5 +1 -1 +1 +1 410 81 -22 -52 -48 8 -6 134
15 9 -1 +1 +1 +1 355 124 -80 -4 -14 8 -1.75 234
16 1 +1 +1 +1 +1 377 22 -102 -22 -18 8 -2.25 1234

∗1, 2, 3 and 4 refer to the variablesx1, x2, x3 andx4 respectively.

A series of operations are performed on the dependent variable (SBET = y) to estimate the
effects of the different experimental parameters. The first8 entries in column [x1] are obtained
by adding the successive pairs of values in columny. For example, the first 2 entries in column
[x1] are obtained as309 + 387 = 696 and379 + 439 = 818. The second 8 entries in column
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[x1] can be obtained by subtracting the top number from the bottom number of each pair. Thus:
387 − 309 = 78, and439 − 379 = 60, and so on. Using the same procedure, column [x2] is
obtained from column [x1], column [x3] from column [x2] and finally column [x4] from column
[x3]. This can also be expressed mathematically, as follows:

[xk]
j = [xk−1]

2i + [xk−1]
2i−1 (j = 1..8, i = 1..8, k = 1..4) (5.1)

[xk]
l = [xk−1]

2i − [xk−1]
2i−1 (j = 9..16, i = 1..8, k = 1..4) (5.2)

where[xk]
j or i is thejth or ith row element of thexk column and[xo] = y

The estimate of different effects is obtained by dividing the entries in column [x4] by values
given under the columndivisors. The first entry of the estimate corresponds to the grand average
of all observations. The remaining estimate of the effects corresponds to single and multiple
factor (interaction) effects. The type of effect can be identified by locating the “+1” entries
in the design matrix (columns corresponding tox1, x2, x3 andx4). There are fifteen effects
in all, comprising four main effects (corresponding to 1, 2,3 and 4), six 2-factor interactions
(12, 13, 14, 23, 24 and 34), four 3-factor interactions (123,124, 134 and 234) and one 4-factor
interaction (1234). The main effect of, for example, 1 (P123/TEOS) refers to the effect of
P123/TEOS onSBET over all the conditions of the other variables 2, 3 and 4. The value of the
effect gives an indication of the extent of the influence of the factor(s) on the dependent variable,
while the sign (-/+) indicates a positive or negative influence. However, it would be premature
to conclude which of the effects are significant, solely on the basis of their magnitude, because
experimental errors have not been accounted for yet.

This problem can be overcome by applying Daniel’s technique[27] to determine the significant
effects in the absence of duplicate observations. This technique is based on the use of normal
probability plots. Suppose, the data had occurred as a result of random variation about a fixed
mean, and changes in the levels of the variables had no real effect on theSBET of the prod-
ucts, then the effects of the main variables and their interactions would be roughly normally
distributed about zero, and would therefore fall on a straight line on a normal probability paper.
The effects that deviate from the straight line are then considered to be the significant ones.

The effects obtained in Table 5.3 are sorted in ascending order (i) on the basis of their estimates
as shown in Table 5.4. The percentage probability (Pi) of the occurrence of theith effect is
calculated usingPi = 100(i−1/2)/m for i = 1, 2, ...m, wherem is the total number of effects.

These effects and their probabilities are plotted on normalprobability paper, as shown in Figure
5.2. Starting from the effects with magnitudes close to zero, ten of the effects cluster together
and reasonably fit on a straight line, therefore can be ignored since they appear as a result of
noise in the experimental observations.

The effects of any of the individual variables (P123/TEOS,T , H2O/TEOS and EtOH/TEOS)
lie away from the straight line, therefore constitute the significant effects. Here, on the basis
of the magnitude of the effects, it can be seen that the order of significance of these effects is
P123/TEOS> H2O/TEOS> T > EtOH/TEOS.

It can also been seen from Figure 5.2 that P123/TEOS,T and EtOH/TEOS have a positive
effect onSBET , whileH2O/TEOS has a negative effect onSBET on the basis of the sign of their
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Table 5.4: The 15 ordered effects and the probability points, Pi

Order Effects Pi

no. i Estimate Identity [%]
1 -53.5 3 3.3
2 -27.75 12 10.0
3 -18 13 16.7
4 -17.75 124 23.3
5 -14 34 30.0
6 -11.25 23 36.7
7 -10.25 24 43.3
8 -6 134 50.0
9 -3.25 123 56.7
10 -2.25 1234 63.3
11 -1.75 234 70.0
12 20 14 76.7
13 32 4 83.3
14 41.25 2 90.0
15 77 1 96.7
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Figure 5.2: Normal probability plot of effects of differentfactors onSBET

estimates. In other words, increasing P123/TEOS,T and EtOH/TEOS leads to an increase in
surface area. On the other hand, increasingH2O/TEOS leads to a decrease inSBET . If we had
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to choose the two most significant main effects, they would beP123/TEOS andH2O/TEOS.

The two-factor interaction represented by P123/TEOS× EtOH/TEOS also deviates from the
straight line, hence is significant. This interaction can berepresented using the two-way table
illustrated in Figure 5.3. The bottom axis corresponds to P123/TEOS with their values (0.0095
and 0.018) representing the end points, while the vertical axis represents EtOH/TEOS with the
corresponding values (4.4 and 25.6). The values 330, 387, 342 and 439 are obtained at the
particular value of P123/TEOS and EtOH/TEOS averaged over levels of other variables. For
example, the value of 330 is obtained by averaging the valuesof SBET at P123/TEOS=0.0095
and EtOH/TEOS=4.4 over the various levels ofT andH2O/TEOS.

342 439

330 387

0.0095

(-1)

0.018

(+1)

x , P123/TEOS [-]1

(-1) 4.4

(+1)25.6

x
, 

E
tO

H
/T

E
O

S
 [

-]
4

Figure 5.3: Two-way table highlighting the P123/TEOS× EtOH/TEOS interaction onSBET

Generally, high P123/TEOS ratios lead to highSBET values. The interaction between
P123/TEOS and EtOH/TEOS occurs because, at high P123/TEOS,an increase in EtOH/TEOS
leads to an increase inSBET while, at low P123/TEOS, the increase inSBET is comparatively
much lower. This also demonstrates that the effect of EtOH/TEOS onSBET is subject to the
P123/TEOS used in the experiment, and one would observe different extents of variation in sur-
face area. Such an analysis allows us to investigate trends in experimental data that are easily
missed or overlooked when using the conventional form of experimentation, where the effect
of a single variable (keeping other variables constant) is studied, and one is often tempted to
accept this as a global variation.

Effect of variables on total pore volume (Vt)

The statistical analysis reported in the previous section was also performed to determine the
significant variables with respect to the total pore volume of the products. The effects of dif-
ferent variables calculated using Yates’s algorithm are tabulated in Table 5.5. Daniel’s method
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was again applied to determine the significant effects, and the corresponding normal probability
plot is shown in Figure 5.4.

Table 5.5: Daniel’s technique using normal probability plots

Order no. Effects Pi

i Estimate Identity [%]
1 -0.053 1 3.3
2 -0.053 3 10.0
3 -0.043 134 16.7
4 -0.025 13 23.3
5 -0.023 12 30.0
6 -0.02 34 36.7
7 -0.02 123 43.3
8 -0.018 23 50.0
9 -0.018 1234 56.7
10 -0.015 124 63.3
11 0.0025 24 70.0
12 0.005 234 76.7
13 0.045 14 83.3
14 0.0725 4 90.0
15 0.135 2 96.7

The effect of each of the four studied variables (P123/TEOS,T , H2O/TEOS, EtOH/TEOS)
is significant. The effects ofT and EtOH/TEOS are positive, indicating that increasing these
variables will result in an increase in pore volume. P123/TEOS andH2O/TEOS, on the other
hand, are observed to have a lowering effect on pore volume.

Additionally, there is significant interaction between P123/TEOS and EtOH/TEOS. Since the
effects T × EtOH/TEOS andT × H2O/TEOS × EtOH/TEOS have magnitudes close to
zero, they can be neglected. There is significant three-way interaction between P123/TEOS,
H2O/TEOS and EtOH/TEOS, denoted as P123/TEOS× H2O/TEOS× EtOH/TEOS. Further-
more, on the basis of the effects’ magnitudes, the two most significant variables areT and
EtOH/TEOS, which lie farthest away from the straight line.

5.3.2 Effect of experimental parameters on the BET surface area (SBET )

A multi-variable regression analysis on the experimental data was performed to relateSBET

with the independent variables, using the following quadratic equation with interaction terms:

SBET = a0 + a1x1 + a2x2 + a3x3 + a4x4+

a11x
2
1 + a22x

2
2 + a33x

2
3 + a44x

2
4+

a12x1x2 + a13x1x3 + a23x2x3 + a24x2x4 + a34x3x4

(5.3)

where,x1, x2, x3 andx4 are the experimental variables, andai (i = 1..4), ajj (j = 1..4) and
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Figure 5.4: Normal probability plot for effects of different factors onVt

aij (i = 1..3, j = i + 1..4) are the corresponding coefficients. The regression was performed
using a statistical software, NCSSr, to determine the values of the coefficients. The correlation
coefficient,R2, was 0.954. The values of the coefficients were substituted in Equation (5.3),
resulting in:

SBET = 454.44 − 25059.23x1 + 0.928x2 − 12.71x3 − 3.16x4

+ 1524017x2
1 − 1.17 × 10−4x2

2 + 0.322x2
3 + 0.122x2

4

− 34.36x1x2 − 170.78x1x3 + 221.98x1x4 − 4.78 × 10−3x2x3

− 5.09 × 10−3x2x4 − 5.32 × 10−2x3x4

(5.4)

Furthermore, Equation (5.4) could be further simplified by substitutingx1 (P123/TEOS) = 0.018
andx1 (P123/TEOS) = 0.0095 to obtain Equation (5.5) and (5.6), respectively. This equation
was used to predictSBET as a function of different experimental conditions.

Forx1 = 0.018

SBET = 497.17 + 0.31x2 − 15.78x3 + 0.83x4

− 1.17 × 10−4x2
2 + 0.322x2

3 + 0.122x2
4

− 4.78 × 10−3x2x3 − 5.09 × 10−3x2x4 − 5.32 × 10−2x3x4

(5.5)
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Forx1 = 0.0095

SBET = 353.92 + 0.6016x2 − 14.33x3 − 1.05x4

− 1.17 × 10−4x2
2 + 0.322x2

3 + 0.122x2
4

− 4.78 × 10−3x2x3 − 5.09 × 10−3x2x4 − 5.32 × 10−2x3x4

(5.6)

A code (see APPENDIX-B) developed in MATLABr 7.3.0 (R2006b) uses a fine mesh grid
consisting of the range of values of the independent variables along with the above equations to
generate contours ofSBET .
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Figure 5.5: Effect of P123/TEOS and H2O/TEOS on BET surface area at EtOH/TEOS = 25.6
andT = 310◦C

Effect of P123/TEOS on the surface area

Equation (5.4) was used to calculate the BET surface area atT = 310 ◦C and EtOH/TEOS =
25.6 for different values of P123/TEOS andH2O/TEOS. The resulting contours are plotted in
Figure 5.5 to illustrate the effect of P123/TEOS andH2O/TEOS on the BET surface area.

It is observed from Figure 5.5 that the contours are elliptical. At H2O/TEOS = 20,SBET
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Figure 5.7: Effect ofT and H2O/TEOS on BET surface area at P123/TEOS = 0.0095 and
EtOH/TEOS = 25.6

increases from 350 to nearly 450 m2/g with an increase in P123/TEOS from 0.016 to 0.02.
The contours reveal the possibility to achieve the same surface area using distinctly different
combinations of P123/TEOS andH2O/TEOS. For instance,SBET = 350 m2/g could be achieved
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at P123/TEOS = 0.01 andH2O/TEOS values of both 16 and 37. This surface area could also be
achieved at an intermediate value ofH2O/TEOS = 25, by increasing the P123/TEOS ratio close
to 0.0163.

From these contour plots, we expect that surface areas in excess of 400 m2/g could be obtained
over the entire range of P123/TEOS, forH2O/TEOS< 10.

Effect of H2O /TEOS on surface area

It is observed from Figure 5.5 that, at P123/TEOS = 0.015,SBET decreases with an increase
in H2O/TEOS from 5 to 18, while a marginal increase inSBET for H2O/TEOS greater than 35
could be predicted. Calculations were carried out using Equation (5.6) and the results are pre-
sented in the form of the contours shown in Figure 5.6 and 5.7.It can be inferred from Figure 5.6
that at constant EtOH/TEOS, and from Figure 5.7 that at constant temperature, the surface area
is significantly lower with increasingH2O/TEOS. At an intermediate value of EtOH/TEOS =
15, surface area monotonically decreases from 440 m2/g to 320 m2/g, by increasingH2O/TEOS
till 20, beyond which there is a slight rise in surface area. In the range investigatedH2O/TEOS
seems to have a predominantly negative influence on the surface area. This was also shown
from the statistical analysis, whereH2O/TEOS was determined to be a significant variable with
a net negative estimate of its effect on the BET surface area.Water mainly serves as a solvent
for dissolving P123 (in addition to EtOH), and the HCl present in the water might be responsible
for the effect on the surface area, instead ofH2O itself.

It can be inferred that a lowerH2O/TEOS ratio should be used, irrespective of the EtOH/TEOS
ratio, to produce particles with a relatively high BET surface area.
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Effect of EtOH/TEOS on surface area

Equation (5.6) is used to study the effect of EtOH/TEOS andT on surface area at constant
P123/TEOS = 0.0095 andH2O/TEOS =10.1. Contours of constant surface area are shown in
Figure 5.8 for different combinations ofT and EtOH/TEOS.

It is seen from Figure 5.8 that at constantT , and from Figure 5.6 at constantH2O/TEOS, varia-
tion of EtOH/TEOS does not have any significant influence on the surface area. At EtOH/TEOS
= 10, one sees an increase in surface area from 280 m2/g till 400 m2/g over the entire tempera-
ture range. It should be possible to achieve a surface area of360 m2/g at low EtOH/TEOS of 5
andT = 250◦C.

From Figure 5.8, it can be inferred that the same surface areacould also be obtained at much
higher EtOH/TEOS of 25 and with a lower temperature of 200◦C. Additionally, surface areas
in excess of 400 m2/g could be achieved at temperatures higher than 250◦C.

Effect of temperature on surface area

Contour plots are drawn based on Equation (5.6), and are shown in Figure 5.7 and 5.8. The
contours of Figure 5.7 reveal that at constantH2O/TEOS, there is not much variation in BET
surface area with temperature,T . At H2O/TEOS = 25, there is an increase of only 60 m2/g in
spite of increasing the temperature by more than 200◦C. The variation in surface area is less
apparent at lowerH2O/TEOS values. At T = 200◦C, an increase inH2O/TEOS from 5 till
25 leads to a decrease in surface area from 400 m2/g till 280 m2/g, and a further increase in
H2O/TEOS only slightly increases the BET area. Surface areas inexcess of 400 m2/g could,
however, be achieved for lowH2O/TEOS< 10 andT > 100◦C. It is also observed from Figure
5.8 that temperature is less significant compared to the effects of P123/TEOS andH2O/TEOS,
which are more significant than EtOH/TEOS within the studiedrange.

5.3.3 Effect of experimental parameters on total pore volume (Vt)

A quadratic relation similar in form to Equation (5.3) was used to predict the total pore volume
of products:

Vt = b0 + b1x1 + b2x2 + b3x3 + b4x4+

b11x
2
1 + b22x

2
2 + b33x

2
3 + b44x

2
4+

b12x1x2 + b13x1x3 + b23x2x3 + b24x2x4 + b34x3x4

(5.7)

The regression correlation coefficient,R2, in this case was 0.934. The estimated coefficients
were substituted in Equation (5.7) to obtain:
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Vt = 0.239 + 68.39x1 + 0.00279x2 + 0.00721x3 + 0.00302x4

− 2567.53x2
1 − 3.58 × 10−6x2

2 − 7.3 × 10−5x2
3 − 1.69 × 10−4x2

4

− 0.0279x1x2 − 0.237x1x3 + 0.499x1x4 − 7.43 × 10−6x2x3

+ 1.24 × 10−6x2x4 − 7.61 × 10−5x3x4

(5.8)

Equation (5.8) was further substituted withx1 (P123/TEOS) = 0.018 andx1 (P123/TEOS) =
0.0095 to obtain Equation (5.9) and (5.10) respectively to predict the effect of the experimental
parameters on the total pore volume of the synthesized products.

Vt = 0.638 + 0.0023x2 + 0.0029x3 + 0.012x4

− 3.58 × 10−6x2
2 − 7.3 × 10−5x2

3 − 1.69 × 10−4x2
4

− 7.43 × 10−6x2x3 + 1.24 × 10−6x2x4 − 7.61 × 10−5x3x4

(5.9)

Vt = 0.657 + 0.00252x2 + 4.95 × 10−3x3 + 7.76 × 10−3x4

− 3.58 × 10−6x2
2 − 7.3 × 10−5x2

3 − 1.69 × 10−4x2
4

− 7.43 × 10−6x2x3 + 1.24 × 10−6x2x4 − 7.61 × 10−5x3x4

(5.10)

Similar to the BET surface area, the trends were representedin the form of contour plots using
the Equations (5.9) and (5.10).

Effect of P123/TEOS on pore volume

The most significant variables affecting pore volume, as observed from statistical analysis, are
P123/TEOS and T. Hence, calculations were made using Equation (5.8) to estimate various
combinations of P123/TEOS and T at a constant pore volume, and the results of these compu-
tations are expressed as contours plots, shown in Figure 5.9.

It can be seen from Figure 5.9 that the contours take an elliptical shape. Within the range of
the variables studied, the pore volumes from 0.5 cm3/g till 0.75 cm3/g can be obtained. No
large variations in pore volume with P123/TEOS are observed. At T = 300 ◦C, it is possible
to achieve the sameVt = 0.7 cm3/g at P123/TEOS = 0.009 and 0.018. Pore volumes as high as
0.75 cm3/g could, however, be obtained in a narrow range of P123/TEOSlying between 0.0127
and 0.016 and atT > 275 ◦C .

Effect of H2O /TEOS on pore volume

Equation (5.10) was used to estimate the influence ofH2O/TEOS andT on the total pore volume
at fixed P123/TEOS = 0.0095 and EtOH/TEOS = 25.6, and the results of these computations
are represented as contours in Figure 5.10.

Again the contours are parts of ellipses. Compared to temperature,H2O/TEOS has a marginal
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EtOH/TEOS = 25.6

effect on the pore volume. It is possible to achieve pore volumes of 0.65 cm3/g at a considerably
high temperature of 300◦C andH2O/TEOS = 35. However, the same pore volume can be
obtained at low temperatures close to 200◦C by decreasing theH2O/TEOS to 15.

This in a way reflects the fact that a lower temperature is sufficient to evaporate droplets with



60 CHAPTER 5. STATISTICS-AIDED OPTIMAL DESIGN

0.62

0.62

0.64
0.64

0.640.66

0.66

0.66

0.68

0.68

0.68

0.7

0.7

H
2
O/TEOS [−]

E
tO

H
/T

E
O

S
 [−

]

5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

Figure 5.11: Contours ofVt as a function of H2O/TEOS and EtOH/TEOS at P123/TEOS =
0.0095 andT = 310◦C

0.5

0.5

0.55

0.55

0.6

0.6

0.65

0.65

0.7

0.7

T [oC]

E
tO

H
/T

E
O

S
 [−

]

100 150 200 250 300 350
0

5

10

15

20

25

30

Figure 5.12: Contours ofVt as a function ofT and EtOH/TEOS at P123/TEOS = 0.0095 and
H2O/TEOS = 10.1

lower water content. In order to ensure a high pore volume in the final particles, it is recom-
mended to keep a lowH2O/TEOS ratio.
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Table 5.6: Prediction of total pore volume and BET surface area

P123/TEOS, T , H2O/TEOS, EtOH/TEOS, SBET [m2/g] Vt [cm3/g]
x1 [-] x2 [oC] x3 [-] x4 [-] Exp. Pred. Exp. Pred.

0.01375 350 22.5 15 305 311 0.71 0.70
0.01375 215 40 15 313 340 0.62 0.61
0.01375 215 22.5 0 298 292 0.59 0.58

Effect of EtOH/TEOS on pore volume

The contours shown in Figure 5.11 represent the effect of variations of H2O/TEOS and
EtOH/TEOS on the total pore volume at fixed conditions of P123/TEOS = 0.0095 and tem-
perature,T = 310 ◦C, on the basis of Equation (5.10). Figure 5.11 indicates that there is no
significant effect of EtOH/TEOS andH2O/TEOS on the pore volume at these conditions. We
also observe that at EtOH/TEOS = 20, the total pore volume decreases from 0.70 cm3/g to
0.62 cm3/g with increase inH2O/TEOS. On the other hand, at lowH2O/TEOS=10, increasing
EtOH/TEOS results in an increase in pore volume till 0.70 cm3/g.

Effect of temperature (T) on pore volume

Figure 5.9 indicates that, in general, for a constant P123/TEOS,Vt increases with increasedT .
It is also possible to achieve a pore volume close to 0.7 cm3/g at a lower temperature of 200◦C
for P123/TEOS = 0.014. At much lower temperatures, forT < 150 ◦C, one could synthesize
particles with pore volumes close to 0.6 cm3/g for P123/TEOS> 0.01.

It is observed from Figure 5.9 that the temperature could be used to control the pore volume
more significantly. This is in agreement with the statistical analysis, which identified tempera-
ture to have the most significant positive effect on the pore volume.

Equation (5.10) was used to generate contours (shown in Figure 5.12) at P123/TEOS = 0.0095
andH2O/TEOS = 10.1 to illustrate the variation of pore volume simultaneously with tempera-
ture,T , and EtOH/TEOS. The contours are elliptical. At EtOH/TEOS =15,Vt increases from
0.50 till 0.70 cm3/g when increasingT from 100 till 280◦C. It is possible to achieve the same
pore volume using different combinations of EtOH/TEOS andT . It is evident from Figure
5.12 that temperature has a much more pronounced effect on the pore volume as compared to
EtOH/TEOS. Here again, at these conditions, in order to achieve a high pore volume of around
0.7 cm3/g, it is essential to use a high temperature, though this could be achieved at a low
EtOH/TEOS of around 10.

The correlations relating the BET surface area and the totalpore volume with the experimental
parameters (Equations (5.4) and (5.8), respectively) are tested by comparing the predictions
using additional experimental datapoints. The results of the predictions are given in Table 5.6.
It is clearly seen that there is not much deviation between the experimental and the predicted
values, hence the conclusion that the correlations can be used to predict the properties of the
materials (SBET andVt) within the range of experimental conditions studied.
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5.3.4 Nitrogen adsorption/desorption isotherms and pore size distribu-
tions

The nitrogen adsorption/desorption isotherms were obtained for all calcined products. The
corresponding pore size distribution was obtained by applying the BJH model to the adsorption
branch of the isotherm. It was observed by comparing all the conditions that the P123/TEOS
ratio had the most significant effect on the shape of the isotherm.
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Figure 5.13: (a) Nitrogen adsorption/desorption isotherms, and (b) pore size distribution, based
on the adsorption isotherm, of products obtained at constant conditions of P123/TEOS =
0.018,T = 310 ◦C, EtOH/TEOS = 25.6 (isotherms and pore size distribution corresponding
to H2O/TEOS = 10.1 are offset by 200 cm3/g and 0.3 cm3/g respectively for clarity)

Figure 5.13 shows typical adsorption/desorption isotherms and the pore size distribution of
products obtained for a high P123/TEOS ratio of 0.018. We observe that the isotherms are type
IV with H1 hysteresis [28], and there is a gradual uptake of nitrogen at high relative pressures,
indicating a non-uniform pore distribution. This is confirmed by the relatively broad pore size
distribution (Figure 5.13b) centered at a large pore size ofaround 20 nm. Furthermore, we also
see that nitrogen gradually desorbs from a relative pressure close to 1.0, while, around P/Po

= 0.5, there is a sharp, rapid desorption, beyond which the desorption branch coincides with
the adsorption branch. This suggests the presence of ink-bottle pores, with narrow entrances
leading to much broader pores.

At high P123/TEOS ratio, the non-uniformity of the pore system implies that there is no ordered
arrangement of pores. This is clearly seen from the absence of sharp diffraction peaks in the
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Figure 5.14: (a) X-ray diffraction patterns, (b) and (c) TEMimages of calcined products syn-
thesized with P123/TEOS = 0.018,T = 310◦C, EtOH/TEOS = 25.6 and H2O/TEOS = (b) 34.9,
and (c) 10.1

XRD patterns of the calcined samples shown in Figure 5.14 a. The peaks appearing close to 2θ
= 0.5◦ are artificial, as a result of scattering of the X-rays at the beam stop of the diffractometer,
corresponding to the detection limit of the instrument.
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High-resolution transmission electron micrographs of theparticles shown in Figure 5.14 b and
c give further insight into the pore structure. We can see that particles synthesized at different
H2O/TEOS ratios of 10.1 and 34.9 show a similar pore structure. The particles contain lamella
with a non-uniform layer-to-layer distance.

The spacing between these layers composed of microporous silica corresponds to the non-
uniform pore distribution seen from theN2 adsorption measurements. In some particles, we
also see a spiral layer extending near the surface, and then retracting to a few layers inside,
taking a form akin to the petals of a flower. These layered structures seem to occur as a result
of scaffolding of the surfactant molecules. A high P123/TEOS ratio favors aggregation of the
block copolymer micelles, forming layers, and silica condenses around them to form a lamellar
pore network.
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Figure 5.15: (a) Nitrogen adsorption/desorption isotherms, and (b) pore size distribution, based
on the adsorption isotherm, of products obtained at constant conditions of P123/TEOS =
0.0095,T = 120 ◦C, H2O/TEOS = 10.1 (isotherms and pore size distribution corresponding
to EtOH/TEOS = 4.4 are offset by 200 cm3/g and 1.0 cm3/g respectively for clarity)

Figure 5.15 a and b show the nitrogen adsorption/desorptionisotherms, and the pore size distri-
butions of calcined silica particles synthesized using a comparably lower P123/TEOS = 0.0095.
Here, we also observe a typical type IV isotherm with type H1 hysteresis loop, though marked
by a sharp uptake in nitrogen at a higher relative pressure indicating a uniform pore size. By
applying the BJH model to the adsorption branch of the isotherm, we obtain a pore size dis-
tribution centered around 10 nm. It must be noted that that experiments performed at all other
conditions ofT , H2O/TEOS and EtOH/TEOS resulted in similar isotherms and pore size dis-
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Figure 5.16: (a) X-ray diffraction patterns, (b) and (c) TEMimages of calcined products syn-
thesized with P123/TEOS = 0.0095,T = 120◦C, H2O/TEOS =10.1 and EtOH/TEOS = (b) 25.6,
and (c) 4.4

tribution. The only exception was observed forT = 120◦C, H2O/TEOS = 34.9, EtOH/TEOS
= 25.6, which resulted in a slightly wider pore size of 11 nm. We also observe that nitrogen
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desorbs at a relative pressure close to 0.5, which suggests the presence of an ink-bottle pore
structure, with small pores forming the entrance to the inner porosity consisting of uniformly
sized large pores.

X-ray diffraction patterns of these particles are shown in Figure 5.16 a. They exhibit a sharp,
intense diffraction peak indexed to the (100) plane, followed by a weak (200) reflection, while
the (110) peak is absent. The presence of the (100) peak is indicative of good structural order
consistent with the presence of a uniform pore structure. The weak higher order reflections refer
to the absence of long-range order.

The TEM images (Figure 5.16 b, c) of these particles reveal their internal pore structure. We see
a rather complex pore arrangement within each particle. Thepores are arranged in a hexagonal
manner in certain regions, while in other regions the pores tend to align in layers parallel to the
surface of the spherical particles. The latter is most clearly seen near the particle surface. This
surface phenomenon is forcibly induced due to the sphericalmorphology originating from the
droplet, and is retained throughout the evaporation process.

5.4 Conclusions

The application of factorial design has been demonstrated to effectively identify the significant
variables and interaction between the variables. Using appropriate statistical techniques, it is
possible to estimate the order of significance of the variables, and to indicate the positive and
negative effects on both surface area and pore volume.

In the evaporation induced self-assembly of silica particles, the variables P123/TEOS and
H2O/TEOS had the most significant effect on the BET surface area of the produced particles.
Due to a significant interaction between P123/TEOS and EtOH/TEOS the effect of these vari-
ables on the surface area should be considered jointly. The variables T and EtOH/TEOS had the
most effect on the total pore volume of the particles. We alsoobserved an interaction between
P123/TEOS and EtOH/TEOS, which cautions us against studying effects of these variables in-
dependently. A regression analysis was carried out to relate the experimental parameters with
the BET surface area and pore volume of the products. The results were represented as contours
that allowed quantification of the effects of different operating conditions.

In the field of materials science, it is often encountered that the synthesis involves fine-tuning
several experimental variables in order to achieve a desired product. This is usually done by
extensive trial and error. An appropriate, statistically aided experimental design could easily
avoid such a scenario. By using the techniques described in this paper one can identify and
narrow down to the variables, or combinations of variables,that have a significant effect on the
property of the material under scrutiny, and this with a minimum of experimental runs. This
information could be used as a basis for additional experiments to improve the quality of the
material by fine-tuning these significant variables. In addition, the empirical facts derived can
serve as a basis of understanding and modeling of a complex process.
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Chapter 6

Continuous Synthesis by Spray Drying of
Remarkably Stable Mesoporous Silica and
Silica-Alumina Catalysts using Industrial
Raw Materials

6.1 Introduction

Mesoporous alumino-silicates with high surface areas, pore volumes and well-defined pore net-
works have attracted much attention, especially in the fieldof separation and catalysis of large
molecules, due to the improved accessibility of the acid sites [1]. Of the class of mesoporous
materials, SBA-15, synthesized using a non-ionic surfactant, P123 (EO20PO70EO20) under
strongly acidic conditions, possesses a broader pore size and thicker pore walls as compared to
M41S [2], making them more hydrothermally stable.

We were recently able to synthesize SBA-15 with a tunable morphology - free standing films,
fibers, bundles and cakes - by simply controlling the stirring rate. Furthermore, these meso-
porous materials were synthesized using a weak acid,H3PO4, which also provides additional
acid sites in the form of P-O-Si bonds [3]. However, in the laboratory these mesoporous materi-
als are usually synthesized in batch using the well-known sol-gel technique, which takes days to
obtain the final product. A novel technique termed “evaporation-induced self-assembly” (EISA)
of aerosols [4-6] provides an alternative to continuously synthesize mesoporous silica particles
by spraying droplets of the precursor solution through a tubular oven. The process involves the
synthesis of mesoporous silica using TEOS as a silica sourceand different ionic or non-ionic
structure-directing agents as templates to induce porosity. The equipment used in this work
could be used to produce material amounts in the range of mg/h, however, the delicate nature
of the equipment, using a single spraying nozzle, doesn’t necessarily allow a direct step-up to

This chapter is based on the following publication:
R. Pitchumani, J. J. Heiszwolf, A. Schmidt-Ott, M.-O. Coppens, Adv. Func. Mater. (2008)(submitted)
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the industrial production scale.

Furthermore, the key drawback in scaling up most academic work on the synthesis of meso-
porous silicas is the use of silicon alkoxides,e.g., tetraethyl orthosilicate (TEOS), as the silica
source. First, TEOS is an expensive raw material that prevents cost-effective, large-scale pro-
duction of the mesoporous materials to replace industrially manufactured catalytic materials
like zeolites. Second, during synthesis, the silicon alkoxide hydrolyzes into silicic acid and an
alcohol. For example, ethanol released during the hydrolysis of TEOS, is a flammable material
that has a wide explosion range in air (3 - 20 %). This means that in an industrial environment,
special precautions are needed to prevent unsafe situations. It must be emphasized that spray
drying, in which the liquid is evaporated into a large dryingchamber, is especially hazardous
if flammables are present. In general, catalyst manufacturing plants are designed to process
inorganic aqueous mixtures, and are not suited to handle flammable materials. Because of the
above considerations, scale-up of TEOS-containing recipes to industrial-scale quantities is far
from trivial.

Zeolite-Y, or ultra stabilized Y-zeolite (USY), is the mainactive component of FCC catalysts.
However, due to the small pore size of the zeolite crystal, the cracking of large molecules [7] is
hindered by diffusion limitations. Kortunovet al. [8] have carried out pulse field gradient NMR
measurement of n-octane in both USY crystals and spray driedFCC catalyst particles. They
have shown that the diffusivity inside the microporous USY crystals is substantially lower than
that of the FCC matrix material which includes meso- and macropores.

As a result, the use of mesoporous zeolite-like material mayimprove the activity of FCC cata-
lysts by facilitating the transport of bulky molecules of heavy feeds. In this paper we present the
synthesis of mesoporous silica/alumina materials having Si/Al ratios corresponding to ZSM-5
and Y-zeolite.

Literature often reports that mesoporous silicas or Al-mesoporous silica (by post-grafting Al
onto mesoporous silica) are unattractive due to the amorphous nature of the silica walls leading
to low hydrothermal stability and activity. This has led to ashift in focus towards synthesis of
mesoporous aluminosilicates by assembling zeolite seeds with non-ionic or cationic surfactants
(for a review, see [9]). We show that amorphous silica-aluminas are worthy of being reconsid-
ered. In the present paper, we use a commercial bench scale spray drier (Büchi B-290), which
is commonly used in industry. Scale-up from this bench scaleunit to spray driers of indus-
trial scale is well established in the catalyst and ceramic industry. Using the Büchi equipment,
we have been able to synthesize amorphous silica-aluminas that are remarkably stable in a hot
steam environment (quantified by retention of pore volume and BET surface area) and also
show considerable activity in pulse probe molecule experiments.

Recently, Pang and Tang [10] and Moraleset al. [11] have prepared mesoporous materials using
sodium silicate, which is a cheap raw material widely used onan industrial scale. A drawback of
the use of sodium silicate is that sodium remains present in the synthesized materials. Sodium
reduces the acidity of the material and adversely affects its steam stability. Removal of sodium
requires an ion exchange and washing unit operation, which will result in increased manufac-
turing costs.

In the present work, we use stabilized silica sol as the silica source. Although stabilized silica
sol is somewhat more expensive than sodium silicate, it has the key advantage that the sodium
content is typically low, thus eliminating the need for an extra unit operation. Therefore, it
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is also used by catalyst manufacturers. After the EISA synthesis, the catalyst may be used as
such. Using a triblock co-polymer (P123) as the structure-directing agent, we have been able
to assemble solutions of colloidal silica, and of colloidalsilica plus peptized Catapal particles
(Al2O3) into mesoporous silica and silica-aluminas. The spray drying process allows continu-
ous production of these mesoporous materials, which are found to be structurally stable under
severe steaming conditions. Furthermore, pulse probe molecule experiments conducted using
TiPB (tri-isopropyl benzene) and linear alkanes showed reasonable activity.

6.2 Experimental

6.2.1 Materials used

Nano-sized boehmite material Catapal B (68.4 wt%Al2O3, 0.002 wt%Na2O, remainder is
boundedH2O, surface area 250 m2/g, crystal size 4.5 nm) from Sasol was used as alumina
source. Stabilized colloidal silica (30 wt%SiO2, 0.6 wt%Na2O, surface area 190 m2/g, particle
size 16 nm) was used as silica source. P123 (Sigma Aldrich,EO20PO70EO20, molar mass 5800
g/mol) was used as the structure-directing agent.

6.2.2 Solution preparation

A typical synthesis involving the system composed of silica, alumina and P123 (EO20PO70EO20)
is described. A 10 wt% solution of P123 in deionized water wasused in the experiments in-
volving the template. Catapal (68.4 wt%Al2O3) was peptised to a pH around 2 usingHNO3

in water. Calculated amounts of colloidal silica were addedto the P123 solution, and stirred at
room temperature to get a metastable solution. The peptisedCatapal solution was subsequently
added and stirred well to get a homogeneous precursor. Thesesolutions were then sprayed
using the Büchi spray drier.

Different solutions were prepared composed of silica sol+P123 and silica sol + P123 + Catapal.
Three different loadings of P123 and two differentSiO2 : Al2O3 (7, 23.4) were used. The solid
concentration for the silica sol + P123 + Catapal system was maintained at 10 wt% while the
silica sol+P123 system varied from 17.5-25 wt%.

6.2.3 B̈uchi spray drier operation

The precursor suspension, prepared using the above procedure, was continuously stirred and
fed to the spray drier with a peristaltic pump at a feed flow rate of 160 g/min. The liquid was
atomized in a two-fluid nozzle using a secondary airflow of 2.5Nm3/hr. The liquid spray was
fed into a pre-heated primary airflow of 44 Nm3/hr. The temperature of the spray drier exit
gas flow was maintained at 115◦C by controlling the temperature of the gas inlet temperature.
Prior to introduction of the silica / alumina suspensions, the spray drier was started up using DI
water, and the unit was allowed to reach a steady state by running for 20 minutes on the water
feed. Figure 6.1 shows a schematic diagram of the Büchi spray drier type B-290 along with the
actual equipment used. The operating conditions are summarized in Table 6.1. After collection
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Table 6.1: Operating conditions of the Büchi spray drier

Secondary airflow [Nm3/h] 2.5
Total airflow [Nm3/h] 44
Spray drier gas exit temperature setpoint [◦C] 115
Peristaltic pump liquid flow rate [g/h] (calibrated forH2O) 160

of the material from the cyclone of the spray drier, the materials were calcined at 425◦C using
a heating rate of 1◦C/min for 3 h to remove the P123 template.

1 Air Inlet

2 Electric heater

3 Spray nozzle

4 Spray chamber

5 Cyclone separator

6 Collection vessel

7 Outlet filter

8 Pump
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2
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Figure 6.1: Schematic diagram of the Büchi spray drier

6.2.4 Material characterization

N2 adsorption/desorption isotherms were obtained on a Micromeritics ASAP 2400 at 77 K.
Samples were degassed under vacuum at 300◦C overnight prior to the measurements. The pore
size distribution was determined by applying the model of Broekhoff and de Boer [12] to the
adsorption branch of the isotherm.

6.2.5 Steam stability tests

About 30 mg of the spray-dried and subsequently calcined sample was put into a small quartz
cup, which was placed on a tray inside a large quartz tube. Under nitrogen flow, the quartz tube
was heated to 788◦C with a heating rate of 5◦C/min. After reaching the set point temperature,
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the nitrogen flow was switched off and steam from a steam generator was fed to the quartz tube
at a rate of 0.5 g/h. The samples were kept in 100 % steam atmosphere for 20 hours followed by
cooling down under nitrogen. The steamed samples were analyzed using nitrogen adsorption
for surface area, pore volume and pore size distribution.

6.2.6 Probe molecule pulse tests

GC
MS

FID

REACTOR
INJECTOR

O.1 l

(liq.)

m

He

Figure 6.2: Schematic diagram of pulse test equipment

The reactor consists of a quartz tube, with an internal diameter of 2 mm, packed with 20 mg
of the steamed material in between two wads of quartz wool. The reactor was placed inside a
programmable furnace. On the inlet side, the reactor was connected to an automated GC injec-
tion port that can inject a pulse of liquid material into a helium carrier gas flow. The outlet of
the reactor may be connected directly, or via a GC column, to aflame ionization detector (FID).
In the former configuration the equipment serves as a pulse-response apparatus; in the latter
configuration the individual reaction products in the gas stream may be identified. Optionally,
the gas stream may be analyzed by a mass spectrometer. The equipment is schematically shown
in Figure 6.2.

After installation of the loaded reactor tube into the equipment, the material was conditioned by
increasing the temperature to 600◦C at a rate of 5◦C/min under a helium flow of 10 ml/min.
After the conditioning step, the reactor tube was brought tothe required operating temperature.
In the reaction experiments, a pulse of 0.1µl of liquid reactant was injected into the helium
carrier gas flow. For the reactivity of TiPB, reactor temperatures of 400 and 500◦C were
used; forC12H26 andC14H30 a reactor temperature of 600◦C was used. The products were
analyzed by GC-FID, and the conversion was calculated from the decrease in GC peak area of
the probe molecule fed to the reactor. By conducting a seriesof sequential pulse experiments,
the deactivation of the catalyst may be measured.

6.3 Results and Discussion

6.3.1 Mesoporous silica

For these experiments, calculated amounts of 10 wt% P123 solution and colloidal silica were
mixed together to obtain the precursor for the spray dried silica. Figure 6.3 shows the nitrogen
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adsorption isotherms and pore size distribution of mesoporous silica produced with different
P123 content/loading. The N2 adsorption/desorption isotherms show a typical type IV hys-
teresis with a type H1 loop. Table 6.2 lists the textural properties of the mesoporous silica
synthesized. We can observe that the pore size increases from 10.8 nm till 23.0 nm as we de-
creaseSiO2 : P123 (wt./wt.) from 4.0 to 1.33. Furthermore, there existsa relatively narrow pore
size distribution forSiO2 : P123 = 2 or 4, as compared to a more broader pore size network
that is obtained usingSiO2 : P123 =1.33. This can be explained by the fact that there exists
an optimum amount of P123 that could be accommodated within the close packing of silica
spheres, the ensemble that determines the final pore structure. The BET surface area of the
materials remains constant around 190 m2/g, while the total pore volume increases from 0.35
till 0.68 cm3/g with an increase in P123 content (or a decrease inSiO2 : P123 ratio).
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Figure 6.3: (a) N2 adsorption/desorption isotherms and (b) pore size distribution based on the
adsorption branch (model of Broekhoff and de Boer) of mesoporous SiO2 for different SiO2 :
P123 ratios. Isotherms corresponding to SiO2 : P123 = 1.33 and 2 have been offset by 200 and
100 cm3/g respectively for clarity

Table 6.2 also shows the properties of spray-dried silica sol without the structure-directing tem-
plate. In a structure consisting of packed particles, the pore volume (Vt) can be calculated from:

Vt =
εv

(1 − εv)

1

ρs

(6.1)

For silica, we may use a skeletal density ofρs = 2.196 g/cm3, while for the close cubic packing
of spheres, a void fractionεv = 1 − π/

√
18 ≈ 0.26 is valid. Substituting these values into
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Table 6.2: Textural properties of mesoporous silica

SiO2 : P123 SBET Vt dpore

[wt./wt.] [m2/g] [cm3/g] [nm]
1.33 : 1 190 0.68 23.0

2 : 1 190 0.58 14.8
4 : 1 192 0.35 10.8

Silica only 197 0.15 3.1
Alumina only 284 0.31 4.4

Equation (6.1) leads toVt = 0.16 cm3g, which is very close to the value reported in Table 6.2.
We may conclude that spray drying silica sol results in particles that are very closely packed. It
is also evident that adding the structure-directing template P123 results in a dramatic increase of
the pore volume up to 450%. Since the surface area is not affected by the addition of P123, the
increased pore volume must be accompanied by an associated increase in pore diameter. Also
this can be well understood by the fact that the surface area corresponds to the surface area of
individual silica particles (particle size,dp =16 nm,ρs = 2.196 g/cm3), estimated to be around
171 m2/g from:

Surface Area=
6 × 103

ρsdp

(6.2)

This value is close to the measured BET surface area of spray dried silica solution (190 m2/g)
given in Table 6.2. On using P123, the resultant materials are composed of aggregates of silica
nanospheres that are decorated around P123 assemblies. Hence, on increasing the P123 content,
one observes an increase in pore volume, while the surface area remains unaltered.

6.3.2 Mesoporous silica-aluminas

These samples were prepared from precursors obtained by mixing calculated amounts of col-
loidal silica, peptised Catapal, and 10 wt% P123 solutions.Figures 6.4 and 6.5 show the ni-
trogen adsorption/desorption isotherms and the pore size distribution for two differentSiO2 :
Al2O3 ratios of 7 and 23.4, respectively. The isotherms are of typeIV with a hysteresis loop of
type H1.

Table 6.3: Textural properties of mesoporous silica-aluminas for different SiO2:Al 2O3 ratios

SiO2 : Al2O3 SiO2 : P123 SBET Vt dpore

[mol/mole] [wt./wt.] [mole/mole] [m2/g] [cm3/g] [nm]
7 1.33 : 1 128.6 : 1 258 0.61 10.8
7 2 : 1 193.3 : 1 262 0.47 10.3
7 4 : 1 386.7 : 1 292 0.34 ∼ 5.0

23.4 1.33 : 1 128.6 : 1 210 0.48 10.8
23.4 2 : 1 193.3 : 1 212 0.37 9.7
23.4 4 : 1 386.7 : 1 212 0.27 ∼ 7.1
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Figure 6.4: (a) N2 adsorption/desorption isotherms and (b) pore size distribution based on the
adsorption branch (model of Broekhoff and de Boer) of mesoporous silica-aluminas with SiO2
: Al 2O3 = 7 : 1. Isotherms corresponding to SiO2 : P123 = 1.33 and 2 have been offset by 200
and 100 cm3/g respectively for clarity.

From Table 6.3, one can observe that the pore volume decreases with increasedSiO2 : P123
ratio for two differentSiO2 : Al2O3 values, just as was observed in Table 6.2 for mesoporous
silica. A clear trend with an increase in pore size is seen with a decrease inSiO2 : P123 forSiO2

: Al2O3 = 23.4. Once again, the pore size distribution is much more narrow for SiO2 : P123 =
1.33 and 2, as compared to a value of 4. In general, materials synthesized atSiO2 : Al2O3 = 7
have a slightly higher BET surface area and pore volume as compared toSiO2 : Al2O3 = 23.4.
It is interesting to note that at sufficiently lowSiO2 : P123 ratios, thesame mean pore diameter
is obtained, irrespective of theSiO2 : Al2O3 ratio.

6.3.3 Steam stability of mesoporous silica-aluminas

Three samples of the silica-alumina materials were selected for steam stability tests. Their tex-
tural properties before and after treatment are reported inTable 6.4. One can observe a surface
area (SA) retention of over 50 % and a pore volume (PV) retention of 85 % for mesoporous
silica-aluminas withSiO2 : Al2O3 = 7. ForSiO2 : Al2O3 = 23.4 one can observe a comparable
but slightly lower SA and PV retention of the samples prepared using two loadings ofSiO2 :
P123. These results signify that the materials are able to retain the pore network to a significant
extent. This is clearly supported by the pore size distribution of the samples shown before and
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Figure 6.5: (a) N2 adsorption/desorption isotherms and (b) pore size distribution based on the
adsorption branch (model of Broekhoff and de Boer) of mesoporous silica-aluminas with SiO2
: Al 2O3= 23.4 : 1. Isotherms corresponding to SiO2 : P123 = 1.33 and 2 have been offset by
200 and 100 cm3/g respectively for clarity.

Table 6.4: Textural properties of mesoporous silica-aluminas before and after steam treatment

SiO2 : Al2O3 SiO2 : P123 SBET [m2/g] Vt [cm3/g] SA PV
[mole/mole] [wt./wt.] [mole/mole] Before After Before After retention† retention‡

steaming steaming steaming steaming [%] [%]
7 1.33 : 1 128.6 : 1 258 140 0.61 0.52 54.3 85.2

23.4 1.33 : 1 128.6 : 1 210 102 0.48 0.38 48.5 79.2
23.4 4 : 1 386.7 : 1 212 79 0.27 0.21 37.3 77.8

† SA (surface area) retention =SBET,aftersteaming/SBET,beforesteaming × 100

‡ PV (pore volume) retention =Vt,aftersteaming/Vt,beforesteaming × 100

after steam treatment in Figure 6.6 and 6.7. Interestingly,the mode of the distribution shifts to
a larger pore size after steam treatment.

These extreme stability test conditions (100 % steam,∼800 ◦C for 20h) simulate the realis-
tic conditions prevalent in the fluidized bed catalytic cracker [13] and act as a screening pre-
requisite for potential catalysts. Furthermore, we emphasize that the steaming conditions used
here are much more rigorous than those usually reported in literature. Xiaoet al. [8] have
reported the hydrothermal stability of SBA-15 and Al-SBA-15 under boiling water conditions
for 120 h and seen a reduction in surface area by nearly 90 %. Han et al. [14] also tested their
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SBA-15 materials by subjecting it in boiling water (100◦C) for 120 hours and observed SA re-
tentions ranging from 9 to 16 %. They also reported the stability of mesoporous aluminosilicate
(MAS) materials consisting of MFI units under similar conditions with surface area retention of
70 %. Ooiet al. [15] synthesized SBA-15 and Al-SBA-15, and investigated their hydrothermal
stability by passing 100 % steam for a period of 1 h at 800◦C. They observed a reduction in
BET surface area of 43 % for SBA-15 and 46-48 % for the Al-SBA-15 samples. Pinnavaia and
co-workers [16] steamed their MSU-S materials at 800◦C, 100 % steam for 3 h and observed a
retention in surface area of 5-21 % only.
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Figure 6.6: Pore size distribution of silica-aluminas (SiO2 : Al 2O3 = 7) before and after steam
treatment

The high stability of mesoporous silica-alumina materialsin the present work can be attributed
to the thicker walls of the materials. The walls are composedof packings of silica and alumina
nanospheres with particle sizes of 16 and 4.5 nm respectively. Such thick walls would provide
the structural stability that allows them to withstand suchextreme steaming conditions in com-
parison to amorphous, mesoporous silica like MCM-41 and SBA-15, which have relatively thin
walls around 1 nm and in the range of 3-5 nm, respectively.

6.3.4 Activity tests

In literature, activity tests of mesoporous aluminosilicates are usually carried out on fresh cat-
alyst. In this work we have carried out activity tests on the samples after the severe conditions
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Figure 6.7: Pore size distribution of silica-aluminas (SiO2 : Al 2O3 = 23.4) before and after
steam treatment

of the hydrothermal stability test resulting in loss of their active surface area. This allows us
to test the activity of the catalysts after simulated exposure to the conditions representative of a
commercial FCC unit.

Table 6.5 gives details on the activity tests performed on selected steamed samples using TiPB
(tri-isopropyl benzene) and linear alkanes (C12H26 andC14H30) as probe molecules. The TiPB
probe molecule is typically used to simulate the diffusional constraints expected in the catalytic
cracking of gas oil in a FCC catalyst [17]. Initially, a blankexperiment was performed to
ascertain the extent of conversion as a result of thermal cracking alone. As a reference, a spray-
dried sample of Catapal was added to the performance test. Note that this sample wasnot
steamed prior to performance testing.

In Table 6.5, the difference in conversion between the second and first pulse gives the extent of
deactivation of the catalyst material. Deactivation may becaused by, for example, deposition
of coke formed from byproducts of the reaction. Table 6.5 shows that, except for the sample
consisting of only alumina (fresh Catapal), no deactivation was observed. The large amount
of coke formation in the alumina sample may be explained by the relative high acidity ofγ-
alumina. Note that the alumina sample was not steam-treatedprior to testing it for activity. The
reproducibility of the activity tests is shown by the consistent conversion values for the repeated
activity tests of the samples withSiO2 : Al2O3 = 23.4 andSiO2 : P123 = 128.6.

Except for the sample containing only alumina, the samples do not show considerable acidity
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Table 6.5: Probe molecule experiments on steamed samples (Activity tests)

Sample Conversion of different probe molecules [%]
TIPB TIPB C12H26 C14H30

(T = 400◦C) (T = 500◦C) (T = 600◦C) (T = 600◦C)
1st pulse 2nd pulse

Blank∗ 4 4 4 4 7
SiO2 : Al2O3 = 7, 9 9 30 5 8
SiO2 : P123 = 128.6
SiO2 : Al2O3 = 23.4, 6 6 16 7 9
SiO2 : P123 = 386.7
SiO2 : Al2O3 = 23.4, 6 6 14 4 6
SiO2 : P123 = 128.6
SiO2 : Al2O3 = 23.4, 6 6 15 6 8
SiO2 : P123 = 128.6 repeat
Fresh Catapal (68.4 %Al2O3) 14 9 33 38 58

∗ Blank experiment: no catalyst loaded, thermal cracking alone

for the linear alkanes. For the alumina sample, the reportedactivity numbers are misleading,
since the cracking for normal alkanes is non-selective, andresults in the formation of coke on
the catalyst. All samples show considerable activity for the conversion of TiPB. The sample
containing only alumina, which was not steam treated, has a conversion of 33 %, and serves as
a reference. Table 6.5 shows that the sampleSiO2 : Al2O3 = 7 has a nearly equal conversion of
30 %. Comparing the surface area of the alumina sample (Table6.2, SA = 284 m2/g) to that of
the steamedSiO2 : Al2O3 = 7 sample (Table 6.4, SA = 127 m2/g) shows that the silica-alumina
composite has a significantly higher reaction rate per unit surface area than the alumina sample.
This may be attributed to the increased accessibility, because of the larger pore diameter created
by the synthesis in the presence of P123, and/or the creationof active sites on the interface where
the silica and alumina particles touch.

Comparing the activities of the silica alumina samples withSiO2 : Al2O3 = 7 andSiO2 : Al2O3

= 23 for the same ratioSiO2 : P123 = 128.6 shows that the conversion of TiPB drops from 30
% to 14 %. Since both silica-alumina composites have approximately the same pore diameter,
we must attribute this difference in observed activity to differences in intrinsic activity,i.e.,
to differences in the properties of the active site on the surface of the material, and not to
differences in accessibility. Comparing the surface area of the steamed sample withSiO2 :
Al2O3 = 23.4 (Table 6.4, SA = 90 m2/g) to that of the alumina sample (Table 6.2, SA = 284
m2/g), we conclude that the activity per unit surface area of the silica-alumina composite sample
is higher than that of the fresh alumina.

6.4 Conclusions

In conventional zeolite synthesis, microporous crystalline structures are created from inorganic
silica and alumina species dissolved in the aqueous phase. The final crystalline product is
obtained after prolonged reaction times (several hours). In the synthesis of novel mesoporous
materials reported in the literature, mostly silicon alkoxides are used as raw material, and the
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ordered materials are obtained after long reaction times.

In the present study, we have synthesized novel mesoporous silica-alumina materials by self-
assembly of nanosized silica and alumina particles using a structure-directing agent. This pro-
cess results in a non-crystalline material composed of a packing of silica and alumina nanopar-
ticles. We have shown that the pore size of these materials isgoverned by the amount of
structure-directing agent, and that it isindependent of the silica-to-alumina ratio of the sam-
ples. Severe thermal stability tests (100 % steam at T = 788◦C for 20 hours) showed that the
prepared mesoporous materials retain much of their mesoporous structure. This is far superior
to usually reported crystalline aluminosilicate mesoporous materials in the literature. Reactivity
tests, based on the conversion of TiPB, have shown that the activity of the samples depends on
the silica-to-alumina ratio of the materials. Apparently,by using “nanosized building blocks”
comprised of silica and boehmite particles, the surface reactivity towards TiPB conversion may
be adjusted.

These findings create new, exciting opportunities for the synthesis of catalytic cracking cata-
lysts, because the catalytic activity of the material is apparentlydecoupled from the pore size.
A structure-directing agent (e.g., P123 in the present study, but other ones may be applied as
well) may be employed to adjust the mesopore size, while the catalytic activity may be adjusted
by tuning the silica-to-alumina ratio. With this technique, the accessibility of the catalyst and
the reactivity at the catalyst surface might be independently designed to match the requirements
of a specific feed.

It was shown that the mesoporosity can be adjusted by adding astructure-directing template.
Various formulations of the ethylene oxide / propylene oxide block copolymers are available,
leading to different structure-directing templates. It isworthwhile exploring these templates in
combination with the industrial silica and alumina raw materials used in the present study. It
was shown that the applied silica-to-alumina ratio affectsthe intrinsic activity as well. We may
speculate that this is caused by the formation of catalytically active silica-alumina materials at
the boundary where the silica and alumina particles touch. It would be worthwhile to explore
different industrially available silica and boehmite sources to investigate their effect on the
reactivity of the synthesized materials.
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Chapter 7

Aerosol assisted synthesis of mesoporous
ZSM-5 composites

7.1 Introduction

Microporous crystalline aluminosilicates, namely zeolites, are widely employed in a large num-
ber of technological applications. Zeolites serve as excellent catalysts in a variety of processes,
on account of their uniform micropores (pore size less than 2nm), most importantly in oil-
refining and petrochemical synthesis. In addition, they areincreasingly applied in environmen-
tal catalysis and in the synthesis of fine chemicals [1, 2].

Despite the vast applications of zeolites, it is often seen that the small pore sizes inherent to these
materials lead to severe diffusion limitations that contribute to sub-optimal performance. One
way to overcome this is to reduce the size of the zeolite crystals down to nanoscale dimensions.
Nanocrystalline zeolites are promising catalytic and adsorbent materials that have high surface
areas and reduced diffusion path lengths relative to conventional micrometer-sized zeolites [3].
This also leads to higher accessibility of the catalytic sites on account of the increased external
surface area [4]. Nanocrystalline zeolites can be assembled into micropatterned thin films [5],
and have potential applications in separation processes (membranes) and chemical sensors [5,
6].

ZSM-5 is a zeolite that is often used as a catalyst in petroleum refining. It has an intersecting
pore network composed of straight channels and zigzag channels with pore diameters of around
0.55 nm. Nanocrystalline ZSM-5 has been shown to exhibit increased selectivity in toluene
conversion into cresol and significantly decreased coke formation relative to conventional ZSM-
5 materials [7].

There are several reports on different strategies to synthesize nanocrystalline ZSM-5. Schoeman
et al. [8] reported the synthesis of nanocrystalline ZSM-5 using clear solutions in open beakers
at low temperature and ambient pressure, in contrast to the conventional hydrothermal routes.
These syntheses resulted in the formation of colloidal solutions of zeolites with uniform particle
sizes of 100 nm or less. Van Grieken and co-workers [9] reported a similar synthesis for ZSM-5
based on clear solutions under hydrothermal conditions. Jacobsen and co-workers developed a
technique in which the zeolite synthesis mixture was impregnated into a porous carbon black

83
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material [10]. The zeolite crystal growth was restricted bythe pore size of the carbon black
matrix. This method was hindered by the fact that the carbon black material is disordered, and,
hence, zeolites with a rather broad size and shape distributions were produced.

However, nanosized zeolites cannot be used directly, due totheir intrinsically poor stability
and due to the much higher pressure drops in packed-bed reactors compared to those obtained
with conventional catalysts. Therefore, nanozeolites need to be dispersed and stabilized in
a porous matrix. A hierarchical porous system consisting ofinterconnected micropores and
mesopores was obtained by dispersing nanosized beta zeolite in mesoporous TUD-1. This hi-
erarchical porous system showed enhanced cracking activity of n-hexane (per gm of zeolite)
as compared to pure beta-zeolite [11]. Several strategies have been reported that combine the
advantages of mesoporous materials and those of zeolites. Huanget al. [12] reported the syn-
thesis of MCM-41/ZSM-5 composite materials containing an interconnected mesoporous and
microporous structure using a dual template method via two-step crystallization. Pinnavaia and
coworkers [13] reported the assembly of zeolite seeds (suchas zeolite Y, ZSM-5) as precursors
or building units into steam stable hexagonal aluminosilicate mesostructures. Kaliaguine and
co-workers [14] have reported approaches for preparation of ultrastable and highly acidic meso-
porous aluminosilicates via coating of mesoporous materials with zeolite gel or via secondary
templated crystallization of zeolites starting from amorphous mesoporous materials. Xia and
Mokaya [15] have prepared ZSM-5/MCM-48 aluminosilicate composite materials using a sim-
ple two-step crystallization process. The synthesis process involved the assembly of precursor
zeolite species, containing ZSM-5 units at various stages of crystallization, into a mesostruc-
tured material.

In the present work, an attempt is made to synthesize composites consisting of zeolite nanocrys-
tals embedded in a mesoporous framework using aerosols. This involves synthesizing a precur-
sor consisting of ZSM-5 nanocrystals well dispersed in an aqueous solution. In the aerosol
droplets, the zeolite is incorporated into a mesoporous framework whose mesopore size is con-
trolled using a non-ionic surfactant, P123.

7.2 Experimental

Initially, several strategies were employed towards the goal of synthesizing mesoporous ZSM-
5 composites. This involved spraying solutions containingZSM-5 nanocrystals dispersed in
distilled water (after separation from the mother liquor obtained by ageing the zeolite precursor)
to form agglomerates with porosity arising from the interparticle space. The resultant materials
were of limited use, because of their comparatively low external surface area and total pore
volume, due to the large zeolite particle size.

In an attempt to develop a one-pot strategy, a highly basic colloidal zeolite nanocrystal solution
(also containing unreacted TEOS and TPAOH) was mixed with anaqueous/ethanolic P123 so-
lution. The objective was that the tri-block copolymer, P123, would act as template and interact
mainly with the unreacted TEOS to form an amorphous mesostructure (driven by evaporation-
induced self assembly) and the zeolite crystals would be embedded in this mesostructure. How-
ever, the synthesized materials showed negligible microporosity. The XRD analysis showed no
diffraction peaks. This could be due to the fact that P123 no longer functions as a template
under such high basic conditions. Additionally, droplet evaporation during the aerosol process
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Figure 7.1: Synthesis scheme for producing mesoporous ZSM-5 composites

leads to increased alkalinity, which could dissolve the microporous network of the zeolite.

Therefore, a different synthesis strategy was employed, which showed encouraging results and
is illustrated in Figure 7.1.

7.2.1 Precursor preparation

The precursor solution preparation involved several steps.

ZSM-5 precursor solution

1. Dissolve 200 mgNaAlO2 in 20.8 mlH2O : A1

2. Mix 13.8 ml 20 % TPAOH with 11.2 ml TEOS to get a clear solution : A2

3. Add A1 to A2 and stir to get a clear solution

Molar compositionAl2O3 : SiO2 : Na2O : (TPA)2O : H2O = 1 : 50 : 1 : 7 : 1800.

The above solution was aged in an autoclave at 100◦C for different times: 27, 38 and 48 h. The
zeolite gel was then separated from the mother liquor by centrifugation.

Zeolite gel dispersion

The zeolite gel, separated from the mother liquor, was well dispersed in 20 ml D.D.H2O using
an ultrasonic bath for 30 minutes. This solution is denoted as A.

P123 + TEOS solution

1. Dissolve 2.15 g P123 in 36µl 37 wt% HCl + 5.32 ml 100 wt% EtOH + 35.8 ml D.D.
H2O.

2. Add 3.53 ml 98 % TEOS to get a clear solution. This solution is denoted as B.
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Final precursor solution

Solution A was then added to Solution B and stirred at room temperature to obtain the final
precursor. This solution was composed of 5 wt% P123 and 10 wt%EtOH. The HCl used was
added to keep the pH close to 2.

7.2.2 Aerosol equipment and synthesis conditions

The same aerosol equipment as described in Chapter-5 was used in these experiments. The only
difference is that a 1-jet nebulizer was used instead of a 6-jet nebulizer. Nitrogen was used as
a carrier gas at a flow rate of 2.0 l/min. The temperature of thefurnace was maintained at 400
◦C. The collection filter was maintained at 80◦C. The as synthesized powders were calcined at
250◦C for 3 h followed by 550◦C for 6 h at a heating rate of 5◦C/min to remove the organic
template.

7.2.3 Material characterization

The calcined samples were analyzed using a Quantachrome Autosorb-6B sorption analyzer to
measure the nitrogen adsorption/desorption isotherms. Prior to the isotherm measurements, the
samples were degassed at 350◦C overnight.

The powder X-ray diffraction patterns were recorded on a Siemens D5005 Crystalloflex diffrac-
tometer, which is equipped with an incident beam Cu Kα Ge focussing monochromator and a
Braun position sensitive detector.

7.3 Results and discussion

Fig. 7.2 shows the N2 adsorption/desorption isotherms and the pore size distribution of the
synthesized materials obtained using zeolite nanocrystalgels synthesized for different ageing
times in the initial sol-gel step. For the purpose of comparison, a sample was also prepared by
using the same zeolite precursor, and by synthesizing largezeolite crystals after ageing them
for 48 h. This is labeled as48h sol-gel. This material was prepared in batch and not by using
the aerosol method.

It is clearly seen from the adsorption branches of the isotherms of Figure 7.2 that there is an
uptake of nitrogen at a high relative pressure, greater than0.8. This is reflected in the pore size
distribution obtained by applying a BJH pore model to the adsorption branch of the isotherms.
The pore size distribution is relatively broad, though centered around 30 nm. On the other
hand, one also observes that there is a progressively decreasing desorption isotherm starting
from relative pressure, P/P0 of 1.0 with a distinct desorption step at a relative pressureof 0.5.
This could suggest the presence of a pore network consistingof an entrance with an increasing
pore width leading to the 30 nm inner mesopore structure. Furthermore, the opening of the
entrance is much smaller than the inner pore size, suggesting an ink-bottle pore system.

The textural properties of the synthesized materials are given in Table 7.1. All the synthesized
materials (27h, 38h and 48h) possess an external surface area in excess of 150 m2/g and a very
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Table 7.1: Textural properties of the calcined materials

Time SBET Sext Vt Vµ Crystal size
[h] [m2/g] [m2/g] [cm3/g] [cm3/g] [nm]
27 321 213 0.99 0.049 41
38 285 155 1.00 0.063 50
9 300 163 1.03 0.064 49

48 (sol-gel) 295 104 0.30 0.084 53

high total pore volume of around 1.00 cm3/g. There is a significant micropore volume 0.049
- 0.063 cm3/g that is on account of the micropores in the zeolite structure (due to the TPAOH
template molecules) and the micropores introduced in the walls of the mesoporous framework
due to the EO blocks of the tri-block co-polymer, P123.
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Figure 7.2: N2 adsorption/desorption isotherms and pore size distribution (by applying the BJH
model to the adsorption branch of the isotherm) of synthesized samples (Isotherms of 27 h, 38
h and 48 h offset by 200, 600 and 1000 cm3/g)

The non-uniform nature of the mesopore network can be attributed to interference of the zeolite
crystals during the surfactant-silica self-assembly process. The large mesopore volume of the
composite materials is given byVt - Vµ, and is due to pores created by the presence of P123, as
can be observed by comparing the “48 sol-gel” sample with theother ones.

Figure 7.3 shows the XRD patterns of the calcined samples. The “48h sol-gel” sample exhibits
sharp diffraction peaks corresponding to the MFI crystal lattice group. The peaks corresponding
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to MFI in the sample synthesized using the gel aged for 27 h arevery broad, indicating small
nanocrystals. The crystal size estimated from Scherrer’s equation is given in Table 7.1. It can
be seen that there is not much change in the crystal size with increasing ageing time of the
zeolite precursor solution. However, on increasing the ageing time of the gel, the peaks grow
in intensity, indicating an increased crystallinity of thesamples. In other words, there is an
increase in the number of zeolite nanocrystals in the final composite material.
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Figure 7.3: X-ray diffraction patterns of the synthesized samples

7.4 Conclusions

The aerosol technique was successfully used to incorporateZSM-5 nanocrystals inside a meso-
porous framework using P123 as the templating agent. The synthesized composites contain
large mesopores centered around 30 nm with a rather broad distribution, and have a large pore
volume of about 1.0 cm3/g. XRD patterns confirmed the presence of ZSM-5 in the compos-
ite materials. The combination of small zeolite crystallites and wide mesopores should lead
to improved accessibility (markedly reduced diffusion limitations) in these materials. These
properties, combined with the acidity of the ZSM-5 crystals, make these materials interesting
candidates for further catalytic studies, in particular for the cracking of bulky molecules.
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Summary

Aerosol Assisted Synthesis of Nanostructured Silica

Despite the wide applications of zeolites, especially as fluidized catalytic cracking (FCC) cat-
alysts, there is a need to overcome the problem of diffusion limitations of the reacting bulk
molecules, owing to the small pore size of these crystallinealuminosilicates. This has led to
the discovery of ordered mesoporous silicas with tunable large mesopore structures, which have
been proposed as ideal, rationally designed catalyst supports. They have attracted a great deal
of interest amongst the materials community, due to their versatile applications, including catal-
ysis, sensors, low-dielectric constant materials, optical waveguides and micro-fluidic devices.

The initial chapters (Chapter 1 and 2) of the present thesis dealt with the batch sol-gel synthesis
of nanostructured SBA-15, which contains hexagonally ordered large mesopores and has better
hydrothermal stability than MCM-41, due to its thicker porewalls. We were able to synthesize
a variety of unique morphologies by tuning a single parameter, namely the stirring rate during
the low temperature hydrothermal treatment step in the presence of a weak acid,H3PO4. Under
static conditions, free standing films were obtained at the air-water interface, and a hierarchical
porous cake (containing mesopores and macropores) composed of closely packed particulate
grains simultaneously precipitated. Under slow stirring conditions, bundles were formed ex-
tending over several hundredµm in length and with a width of at least 50µm. The bundles were
composed of long thin thread-like structures fused together. Materials prepared under vigorous
stirring conditions resulted in fiber-like morphologies, and close examination indicated the pres-
ence of several individual segments coupled together alongtheir length. All the materials were
well ordered on a nanoscale and had a high BET surface area, asconfirmed by X-ray diffraction
and N2 adsorption measurements, respectively. Transmission electron micrographs (TEM) of a
microtomed section of the film revealed that the nanochannels were parallel to the surface. Fur-
thermore, it was interesting to note that the bundles were composed of uniform nanochannels
oriented along the long axis of the bundles. The different shear rate associated with different
stirring conditions influences the shape and aggregation ofmicelles, as well as the interfacial
growth of the silica-surfactant mesophase, resulting in distinct morphologies. The presence of
phosphorous in the final calcined materials, as shown by XRF measurements, improved the
overall Brønsted acidity of the SBA-15 material, making it apromising selective heterogeneous
catalyst for reactions that specifically require Brønsted acidity.

Pulsed field gradient (PFG) NMR measurements were performedon the nanostructured SBA-
15 fibers and bundles. These measurements gave further insight into the diffusion properties of
these mesostructured materials. It was observed that the displacement of nitrobenzene in the

91



92 SUMMARY

channel direction within the mesoporous bundles is well described by a model using a constant
diffusivity. This means that over the observed displacements of 4µm, molecular transport in the
longitudinal direction is not affected by additional transport resistances that might confine the
propagation. The channels are to a certain extent permeablewhich is consistent with the fact
that the walls of the SBA-15 mesopores are microporous. In the bundles, there is a tendency
that displacements perpendicular to the mean channel direction proceed at a rate increasing with
increasing observation time, which strongly suggests the absence of a perfect channel structure
over distances of 1µm, encouraging propagation perpendicular to the mean channel direction.
In the fibers, both diffusivities are found to (slightly) decrease with increasing observation time,
which points to a retarded propagation over longer distances, in contrast to what is observed in
the bundles. This agrees well with the morphology of the fibers, which are basically composed
of short segments joined together, accounting for confinement within a more narrow space than
in the bundles.

It should be noted that mesostructured silica is usually synthesized in batch using the sol-
gel technique, which requires several days to obtain the final structured product. An alter-
native, more recent synthesis approach, namely “evaporation-induced self-assembly” (EISA)
of aerosols, enables continuous production of porous silica particles with a controlled morphol-
ogy and pore size within a process time of only a few seconds. An apparatus was constructed
consisting of an atomizer to generate a fine aerosol of droplets, which is transported through
a heated tubular reactor, in which particles are formed; theproduct is collected on a mem-
brane filter. The number of experimental parameters that potentially influence the final texture
of the materials is very large. The question then is which (combinations of) parameters lead
to which morphology, and which ones have the largest influence? In order to probe the high-
dimensional experimental parameter space, a rigorous statistical methodology was applied that
allows to greatly reduce the number of experiments. A clear,homogeneous acidic precursor
solution containing an organosilicate (TEOS) and a triblock copolymer (P123) as the template
is atomized into an aerosol that is transported through a heated tubular reactor, as described
above. Silica and surfactant micelles self-assemble with simultaneous hydrolysis-condensation
of TEOS, resulting in organic-inorganic composites. High-temperature calcination results in
nanoporous silica particles consisting of lamellar or hexagonal nanostructures. Experiments
were based on a factorial design methodology for a more comprehensive study into the effects
of precursor composition and reactor temperature on the texture of the synthesized materials.
This methodology allows simultaneous investigation of theinfluence of multiple parameters,
which is advantageous over the traditional form of experimentation in the nanomaterials com-
munity, where only one variable is changed at a time. It allows exploration over a wider range
of conditions to highlight the true nature (global/local) of trends that are often misinterpreted as
a universal occurrence in conventional experimental trials. The analysis showed that all of the
following variables were significant: P123/TEOS was identified as having the maximum effect
on the BET surface area, followed byH2O/TEOS, temperature, and EtOH/TEOS. P123 and
EtOH have an important combined effect as well. Furthermore, temperature has a maximum
influence on the pore volume as compared to other variables. Using contours, this method ex-
clusively determined multiple conditions for achieving a required surface area and pore volume.
It also illustrated the variation of these properties over awider domain of experimental condi-
tions. N2 adsorption measurements showed that a high P123/TEOS results in particles with a
broad pore size distribution. Lower ratios favour formation of a network with uniformly sized
pores. The structural order and nanostructure were elucidated by X-ray diffraction (XRD) and
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transmission electron microscopy (TEM). In the field of materials science, it is often encoun-
tered that the synthesis involves fine-tuning several experimental variables in order to achieve
a desired product. This is usually done by extensive trial and error. By using the techniques
described here, one can identify and narrow down to the variables, or combinations of vari-
ables that have a significant effect on the property of the material under scrutiny, and this with
a minimum of experimental runs. This information could be used as a basis for additional ex-
periments to improve the quality of the material by fine-tuning these significant variables. In
addition, the empirical facts derived can serve as a basis for understanding and modeling of a
complex process such as EISA.

A large laboratory spray drier at Albemarle Catalysts was used to synthesize novel mesoporous
silica and silica-alumina materials by self-assembly of nanosized silica and alumina particles,
using P123 as a structure-directing agent. This process results in an amorphous material com-
posed of a packing of silica and alumina nanoparticles. We have shown that the pore size of
these materials is governed by the amount of structure-directing agent, and that it is indepen-
dent of the silica-to-alumina ratio of the samples. Severe hydrothermal stability tests (100 %
steam at T = 788◦C for 20 hours) showed that the prepared mesoporous materials retain much
of their mesoporous structure. This is far superior to the crystalline aluminosilicate mesoporous
materials that are usually reported in literature. Reactivity tests, based on the conversion of
TiPB, have shown that the activity of the samples depends on the silica-to-alumina ratio of the
materials. Apparently, by using ”nanosized building blocks” comprised of silica and boehmite
particles, the surface reactivity towards TiPB conversionmay be adjusted. These findings create
new exciting opportunities for the synthesis of catalytic cracking catalysts, because the catalytic
activity of the material is apparently decoupled from the pore size. A structure-directing agent
(e.g., P123 in the present study, but other ones might be applied as well) may be employed
to adjust the mesopore size, while the catalytic activity may be adjusted by tuning the silica-
to-alumina ratio. With this technique, the accessibility of the catalyst and the reactivity at the
catalyst surface may be independently designed to match therequirements of a specific feed. It
is worthwhile exploring these templates in combination with the industrial silica and alumina
raw materials used in the present study. It was shown that theapplied silica-to-alumina ratio
affects the intrinsic activity as well. We may speculate that this is caused by the formation of
catalytically active silica-alumina materials at the boundary where the silica and alumina parti-
cles touch. It would be worthwhile to explore different industrially available silica and boehmite
sources to investigate their effect on the reactivity of thesynthesized materials.

Finally, an attempt was made to synthesize composites consisting of zeolite nanocrystals em-
bedded in a mesoporous framework using aerosols. This involves first synthesizing a precur-
sor consisting of ZSM-5 nanocrystals well dispersed in an aqueous solution. When spraying
this precursor together with a P123 solution, the zeolite nanocrystals are incorporated into a
mesoporous framework in the aerosol phase. The synthesizedcomposites contain large meso-
pores centered around 30 nm with a rather broad distributionand a large pore volume of 1.0
cm3/g. XRD patterns confirmed the presence of ZSM-5 features in the composite materials.
This should markedly reduce diffusion limitations. These materials with improved accessi-
bility, combined with the acidity of the ZSM-5 crystals, would serve as ideal candidates for
cracking bulky molecules.

This thesis demonstrates that the aerosol method dramatically reduces the synthesis time of
interesting novel mesoporous and zeolite/mesoporous composite materials, as compared to the
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sol-gel scheme. One could always use a homogeneous precursor or, for that matter, a well
dispersed system to generate a wide array of materials in a matter of seconds. It would be
worthwhile to study in greater detail the synthesis of the mesoporous ZSM-5 composites by
varying the Si/Al ratio and also tune the mesoporous framework acidity in accordance with the
required applications.



Appendix A
Nanoporous silica production by spray
drying of colloidal nanoparticle solutions

Introduction

The production of nanostructured materials via spray drying has gained considerable interest,
because the produced particles exhibit unique properties that make them potential candidates
for use in catalysis, chromatography, fillers, pigments andcosmetics [1]. Spray drying is an
established method involving atomizing and spraying suspensions or homogeneous solutions
into droplets, which dry to form solid particles [2]. It provides an efficient way to produce
particles continuously with a mostly spherical morphologywith sizes ranging from below 1
µm to microns. Advantages include the simplicity of the system, its cost effectiveness, and
the ability to scale up production to the order of tons. Several authors have reported the syn-
thesis of micrometer-sized particles by using spray drying[2-4]. Iskanderet al. [4] prepared
agglomerated silica powders with a spherical morphology byspray drying different colloidal
silica nanoparticle solutions. By changing the primary particle size, the pore size arising due to
the interparticle porosity of the agglomerated particles was controlled. It was demonstrated that
the final product size could be varied by changing the initialconcentration of the colloidal sus-
pension. Additional Eu-doped luminescent silica powders were prepared by incorporating Eu3+

into the silica matrix, demonstrating the ease of functionalizing materials using spray drying.

Colloidal silica is a good precursor for spray drying since it is stable, it can be dispersed in wa-
ter, and the primary particle size can be controlled with nanometer resolution. Ohshimaet al.
[5] prepared silica-titania powders using 15 nm colloidal silica nanoparticle suspensions. The
morphological control of nanostructured particles prepared by spray drying of a nanoparticle
sol was investigated, and supported by theory [4]. The structural stability of a droplet and the
hydrodynamic effects during the drying process play a crucial role in determining the morphol-
ogy of the final particles. The colloidal particle size in thedroplet, droplet size, viscosity, drying
temperature, and gas flow rate all influence the final morphology. Spherical particles were ob-
tained under conditions of small droplet size with large andsmall colloidal particle sizes. On the
other hand, toroidal particles were produced from large droplets, at high temperatures and high
gas flow rates. Larger colloidal silica sub-micron particlesolutions (250 and 500 nm) with high
monodispersity have also been spray dried to form sphericalagglomerates using small colloidal
silica nanoparticles (25 nm) as a binder [6]. This resulted in agglomerates with a bimodal pore
size distribution, and increased overall specific surface area. Such particles were used as model
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carriers in the heterogeneously catalyzed polymerizationof ethylene. It was also observed that
the prepared model carriers showed similar activities to commercially available polymerization
carriers, despite their low surface areas, due to the fact that the polymerization process depends
on the geometrical and structural aspects of the carriers rather than on the specific surface area.
Agglomerated spherical silica particles have been demonstrated as a more suitable calibration
aerosol for testing the performance of high efficiency air filters, substituting the more harmful
and expensive dioctylpthalate (DOP) particles [7]. The characteristics of the generated SiO2

particles in terms of electrical mobility and light scattering were investigated, and were found
to satisfy the requirements for a calibration aerosol, withthe added advantages of being cheap
and environmentally friendly.

Experimental procedure

Pressurized air (1.0 barg) at various specified flow rates wasfed into an ultrasonic nebulizer, and
the generated droplets were carried out in the form of a fine aerosol (see Figure 4.2 for schematic
of the experimental apparatus). This aerosol was subsequently led into a silica-gel drier, and
then into a heated aerosol reactor resulting in a fine particle laden aerosol. These fine particles
were continuously collected on the collection filter whose housing was maintained at 60◦C to
prevent condensation of water. The entire system was operated under constant flow conditions
maintained with the help of a membrane pump placed at the end of the collection filter. The
powder collected on the filter paper was scraped off for use infurther characterization.

Characterization

Nitrogen adsorption-desorption isotherms were measured on a Quantachrome Autosorb-6B
sorption analyzer at 77 K. Prior to the isotherm measurements, the samples were vacuum de-
gassed at 150◦C overnight. Scanning electron microscopy (SEM) images were obtained us-
ing a JEOL JSM 6500F electron microscope. Transmission electron micrographs (TEM) were
recorded using a Philips CM30T electron microscope with a LaB6 filament as the electron
source, operated at 300 kV. A small amount of sample was dispersed in ethanol and samples
were mounted on a microgrid carbon polymer, which was fixed ona copper grid.

Results and Discussion

A stable colloidal silica nanoparticle suspension (Ludox SM-30) with average particle size of
7 nm was obtained from Sigma Aldrich. The precursor solutionwas prepared by diluting the
colloidal silica nanoparticle solution with deionized water to concentrations of 0.1 or 1.0 mol/l
before spraying.

The experimental conditions and the results of the experiments are given in Table 1. The prop-
erties of the products obtained by spray drying the colloidal nanoparticle solution are also given
in Table 1.
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Table 1: Textural properties of particles produced from spray dried colloidal solutions

S. No. Conc. Qair Furnace temperature setpoints [◦C] Textural properties
[mol/l] [l/min] Zone 1 Zone 2 Zone 3 SBET Vt dBJH

[m2/g] [cm3/g [nm]
NS-1 1.0 2.0 200 200 200 133 0.27 8.3
NS-2 1.0 2.0 200 200 200 130 0.26 8.2
NS-3 0.1 2.0 100 150 200 262 0.36 -
NS-4 0.1 1.5 100 150 200 197 0.30 -
NS-5 0.1 1.0 100 150 200 272 0.32 -

It can be seen from Table 1 that the values of the BET surface area, the total pore volume, and the
BJH pore size of samples NS-1 and NS-2 are in good agreement indicating good reproducibility
of the results.

Using a precursor concentration of 1.0 mol/l and fixing the furnace temperature at 200◦C re-
sulted in particles with a BET surface area of 133 m2/g and a total pore volume of 0.27 cm3/g.

Figure 1 shows the pore size distribution of NS-1 obtained byapplying the BJH model to the
adsorption branch of the isotherm, which indicated the presence of a uniform pore network with
a BJH pore size of 8.3 nm. This pore size can be attributed to the interparticle spacing due to
the close packing of the individual nanoparticles. Additionally, the desorption branch of the
nitrogen adsorption indicates that the internal pore structure is accessible to the surface through
a narrower pore window.
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Figure 1: Pore size distribution of NS-1

The concentration of the solution was reduced to 0.1 mol/l toreduce the overall spray dried
particle size. This resulted in an increase in BET surface area of the final products to 262 m2/g
(NS-3) and slight increase in the pore volume to 0.36 cm3/g at similar experimental conditions.
Additional experiments were performed by varying the carrier gas (air) flow rate. Decreasing
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Figure 2: (a) and (b) SEM images of sample NS-1

the flow rate from 2.0 to 1.5 l/min results in a decrease in BET surface area from 262 m2/g
to 197 m2/g, but then again increases to 272 m2/g with further decrease in the flow rate to 1.0
l/min. A similar trend is also observed with the total pore volume of the products. Compared
to NS-1, the samples synthesized using a low precursor concentration (NS-3 to NS-5), do not
possess a uniform pore network, and instead contain a much broader pore size distribution. This
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Figure 3: (a) and (b) TEM images of NS-1

may be due to the low density of the agglomerates as a result ofa relatively smaller number of
particles forming the packing, and leading to a not so well defined pore structure.
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The morphology of the agglomerated particles can be seen from SEM images (Figure 2). The
particles are mostly spherical in nature with a fairly smooth morphology. This is due to the
spherical nature of the droplets, which, on evaporation, each produce particles with the same
shape. The size of the produced particles varies from the submicron range to a couple of mi-
crons. A size distribution in the final product is observed due to the distribution of droplets
generated from the nebulizer. Figure 2b shows the agglomeration of the particles resulting
from close packing of primary silica nanoparticles held together by weak Van der Waals forces.
Such a close packing leads to the pore network properties measured by nitrogen adsorption.
Additionally, the silica surface might contain isolated hydroxyl groups, which, during evapora-
tion, would condense by dehydration, further cross-linking the surface in the form of -Si-O-Si-
bonds.

TEM images of a single particle from sample NS-1 are shown in Figure 3. It is hard to clearly
see the internal pore structure, due to the thickness of the particles and their irregular internal
structure. Figure 3b suggests a concentric thin layer (lighter region) surrounding the compara-
tively dense inner core (darker region) of the particles, resulting from a relatively lower number
of particles contributing to the outer region of the spherical particle, as compared to the inner
regions where more particles occupy the available space.

The ultrasonic nebulizer was successfully used to generateaerosols from nanoparticle silica
solutions to eventually produce nanoparticle agglomerates with enclosed porosity.
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Appendix B
Matlab program code for generating
contour plots for BET surface area

Main_BET_Area.m

%Sri Arunachala Shiva
%Sri Narayana Namaha
%BET Surface Area
close all
clear all
clc

%Regression equation
%f = a0 + a1 * x1 + a2 * x2 + a3 * x3 + a4 * x4 ...
% + a11* x1.ˆ2 + a22 * x2.ˆ2 + a33 * x3.ˆ2 + a44 * x4.ˆ2 ...
% + a12* x1. * x2 + a13 * x1. * x3 + a14 * x1. * x4 + ...
% + a23* x2. * x3 + a24 * x2. * x4 + a34 * x3. * x4;

%Coefficients
%a0 = a(1); a1 = a(2); a2 = a(3); a3 = a(4); a4 = a(5);
%a11 = a(6); a22 = a(7); a33 = a(8); a44 = a(9);
%a12 = a(10); a13 = a(11); a14 = a(12);
%a23 = a(13); a24 = a(14); a34 = a(15);

%Coefficients_Regression1_R2=0.954
a(1)=454.44; a(2)=-25059.23; a(3)=0.928; a(4)=-12.71; a (5)=-3.16;
a(6)=1524017; a(7)=-1.17e-4; a(8)=0.322; a(9)=0.122;
a(10)=-34.36; a(11)=-170.78; a(12)=221.98;
a(13)=-4.78e-3; a(14)=-5.09e-3; a(15)=-5.32e-2;

%Constant values
%x1 = P123/TEOS , x2 = T [-],
%x3 = H2O/TEOS [-], x4 = EtOH/TEOS [-]
x10=0.0095; x20=310; x30=10.1; x40=25.6;
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x1min = 0.008; x1max = 0.02; x1d = 0.0002;
x1range = [x1min:x1d:x1max];
x2min = 100; x2max = 350; x2d = 50;
x2range = [x2min:x2d:x2max];
x3min = 5; x3max = 40 ; x3d = 1;
x3range = [x3min:x3d:x3max];
x4min = 0; x4max = 25 ; x4d = 1;
x4range = [x4min:x4d:x4max];

%Different Contour plots

%For x = P123/TEOS [-], y = T [deg C]
x3 = x30;
x4 = x40;
[x1,x2] = meshgrid(x1range,x2range);
z = RegressEqn(a,x1,x2,x3,x4);
[C,h] = contour(x1,x2,z);
set(h,’ShowText’,’on’,’TextStep’, ...
get(h,’LevelStep’) * 2,’LineColor’,’k’)
clabel(C,h,’FontSize’,10,’Rotation’,0,’LabelSpacing ’,250)
colormap cool
xlim([x1min x1max])
ylim([x2min x2max])
title([’H_2O/TEOS [-] = ’,num2str(x30), ...
’, EtOH/TEOS [-] = ’,num2str(x40)])
xlabel(’P123/TEOS [-]’)
ylabel(’T [ˆoC]’)
text(0.01,240, ’S_{BET} [mˆ2/g]’)
hold on

%For x = P123/TEOS [-], y = H2O/TEOS
x2 = x20;
x4 = x40;
[x1,x3] = meshgrid(x1range,x3range);
figure
z = RegressEqn(a,x1,x2,x3,x4);
[C,h] = contour(x1,x3,z,[300:50:500]);
%[450 600 355 377 406 487 500 550 600]
set(h,’ShowText’,’on’,’TextStep’,...
get(h,’LevelStep’) * 2,’LineColor’,’k’)
clabel(C,h,’FontSize’,10,’Rotation’,0,’LabelSpacing ’,300)
colormap cool
xlim([x1min x1max])
ylim([x3min x3max])
title([’T [ˆoC] = ’,num2str(x20),’,...
EtOH/TEOS [-] = ’,num2str(x40)])
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xlabel(’P123/TEOS [-]’)
ylabel(’H_2O/TEOS [-]’)
%text(0.012,25, ’S_{BET} [mˆ2/g]’)
hold on

%For x=P123/TEOS, y=EtOH/TEOS
x2 = x20;
x3 = x30;
[x1,x4] = meshgrid(x1range,x4range);
figure
z = RegressEqn(a,x1,x2,x3,x4);
[C,h] = contour(x1,x4,z,[300:100:1000, 1000:200:1800]) ;

set(h,’ShowText’,’on’,’TextStep’,...
get(h,’LevelStep’) * 2,’LineColor’,’k’)
clabel(C,h,’FontSize’,10,’Rotation’,0,’LabelSpacing ’,250)
colormap cool
xlim([x1min x1max])
ylim([x4min x4max])
title([’T [ˆoC] = ’,num2str(x20),’,...
H_2O/TEOS [-] = ’, num2str(x30)])
xlabel(’P123/TEOS [-]’)
ylabel(’EtOH/TEOS [-]’)
text(0.015,25, ’S_{BET} [mˆ2/g]’)
hold on

%For x = T [deg C],y = H2O/TEOS
x1 = x10;
x4 = x40;
[x2,x3] = meshgrid(x2range,x3range);
figure
z = RegressEqn(a,x1,x2,x3,x4);
[C,h] = contour(x2,x3,z);

set(h,’ShowText’,’on’,’TextStep’,...
get(h,’LevelStep’) * 2,’LineColor’,’k’)
clabel(C,h,’FontSize’,10,’Rotation’,0,’LabelSpacing ’,250)
colormap cool
xlim([x2min x2max])
ylim([x3min x3max])
title([’P123/TEOS [-] = ’,num2str(x10),’,...
EtOH/TEOS [-] = ’, num2str(x40)])
xlabel(’T [ˆoC]’)
ylabel(’H_2O/TEOS [-]’)
text(200,25, ’S_{BET} [mˆ2/g]’)
hold on
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%x2 = T [deg C], x4 = EtOH/TEOS [-]
%For x=x2,y=x4
x1 = x10;
x3 = x30;
[x2,x4] = meshgrid(x2range,x4range);
figure
z = RegressEqn(a,x1,x2,x3,x4);
[C,h] = contour(x2,x4,z);

set(h,’ShowText’,’on’,’TextStep’,...
get(h,’LevelStep’) * 2,’LineColor’,’k’)
clabel(C,h,’FontSize’,10,’Rotation’,0,’LabelSpacing ’,250)
colormap cool
xlim([x2min x2max])
ylim([x4min x4max])
title([’P123/TEOS [-] = ’,num2str(x10),’,...
H_2O/TEOS [-] = ’, num2str(x30)])
xlabel(’T [ˆoC]’)
ylabel(’EtOH/TEOS [-]’)
text(300,15, ’S_{BET} [mˆ2/g]’)
hold on

%3D Contours
figure
contour3(x2,x4,z)
surface(x2,x4,z,’EdgeColor’,[.8 .8 .8],’FaceColor’,’n one’)
grid off
view(-15,25)
colormap cool
hold on

%For x = H2O/TEOS, y = EtOH/TEOS
x1 = x10;
x2 = x20;
[x3,x4] = meshgrid(x3range,x4range);
figure
z = RegressEqn(a,x1,x2,x3,x4);
[C,h] = contour(x3,x4,z);

set(h,’ShowText’,’on’,’TextStep’,...
get(h,’LevelStep’) * 2,’LineColor’,’k’)
clabel(C,h,’FontSize’,10,’Rotation’,0,’LabelSpacing ’,250)
colormap cool
xlim([x3min x3max])
ylim([x4min x4max])
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title([’P123/TEOS [-] = ’,num2str(x10),’,...
T [ˆoC] = ’,num2str(x20)])
xlabel(’H_2O/TEOS [-]’)
ylabel(’EtOH/TEOS [-]’)
text(25,15, ’S_{BET} [mˆ2/g]’)
hold on

RegressEqn.m

function f = RegressEqn(a, x1, x2, x3, x4)

%x1 = X(:,1); x2 = X(:,2); x3 = X(:,3); x4 = X(:,4);

a0 = a(1); a1 = a(2); a2 = a(3); a3 = a(4); a4 = a(5);
a11 = a(6); a22 = a(7); a33 = a(8); a44 = a(9);
a12 = a(10); a13 = a(11); a14 = a(12);
a23 = a(13); a24 = a(14); a34 = a(15);

f = a0 + a1 * x1 + a2 * x2 + a3 * x3 + a4 * x4 ...
+ a11 * x1.ˆ2 + a22 * x2.ˆ2 + a33 * x3.ˆ2 + a44 * x4.ˆ2 ...
+ a12 * x1. * x2 + a13 * x1. * x3 + a14 * x1. * x4 + ...
+ a23 * x2. * x3 + a24 * x2. * x4 + a34 * x3. * x4;
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Samenvatting

Aerosol Gebaseerde Synthese van Nanogestructureerd Silica

Ondanks de vele toepassingen van zeolieten, in het bijzonder als krakingskatalysator, is er
een duidelijke behoefte om de diffusie van vooral grotere moleculen in deze materialen te
versnellen. Het diffusieprobleem is het gevolg van de kleine poriegrootte van de kristallijne
aluminosilicaten. Dit heeft geleid tot de ontdekking van geordende mesoporeuze silica’s met
grotere mesoporiën, waarvan de poriegrootte op een gecontroleerde wijze gevarieerd kan wor-
den. Zij worden daarom soms beschouwd als ideale, rationeelontwerpbare katalysatordragers.
Zij hebben dan ook veel aandacht getrokken van de wetenschappelijke gemeenschap, vanwege
veelzijdige toepassingen als katalysatoren, sensoren, materialen met een lage diëlektrische con-
stante, optische golfdragers en microstromingsapparaten.

De eerste hoofdstukken van dit proefschrift (Hoofdstuk 1 en2) betreffen de sol-gel synthese van
nanogestructureerde SBA-15 materialen met hexagonaal geordende grote mesoporiën. Deze
materialen hebben door de grotere wanddikte van de porin eenbetere thermische stabiliteit in
de aanwezigheid van water dan MCM-41. Verscheidene materialen met unieke morfologie wer-
den gesynthetiseerd door het variëren van een enkele parameter, namelijk de roersnelheid, tij-
dens de synthese in aanwezigheid van een zwak zuur,H3PO4. Onder statische condities wordt
een dunne film materiaal verkregen op het lucht-water grensvlak, terwijl zich op de bodem
een hiërarchische poreuze cake vormt met meso- en macroporiën, bestaande uit dichtgepakte
deeltjes. Wanneer langzaam geroerd wordt, vormen zich bundels met een lengte van enige hon-
derden micrometers en een dikte van minimaal 50 micrometer.Deze bundels bestaan uit lange
draden, welke aan elkaar gehecht zijn. Materialen welke gemaakt zijn onder krachtig roeren,
vertonen een vezelachtige morfologie en nadere studie laatzien dat de fibers opgebouwd zijn
uit individuele segmenten. Alle materialen zijn geordend op nanoschaal en hebben een hoog
specifiek BET oppervlak, zoals bevestigd met respectievelijk XRD en stikstofadsorptie metin-
gen. Transmissie elektronen microscopie (TEM) opnamen vaneen doorgesneden sectie van de
dunne laag tonen aan dat de kleine kanalen parallel aan het oppervlak lopen. Het is daarnaast
interessant dat de bundels blijken opgebouwd te zijn uit kleine kanalen welke parallel aan de
lange as georiënteerd zijn. De verschillende afschuifspanningen welke optreden tijdens de ver-
schillende roercondities beı̈nvloeden de vorm en de aggregatie van de micellen, alsook de groei
van de mesoporeuze fase aan het silica-surfactant grensvlak. Hierdoor worden verschillende
morfologieën verkregen. De aanwezigheid van fosfor in de gecalcineerde SBA-15 materialen,
zoals aangetoond met XRF analyses, is verantwoordelijk voor betere Brønsted-zure eigenschap-
pen. Dit maakt deze materialen veelbelovende heterogene katalysatoren voor processen waarin
Brønsted-zure eigenschappen vereist zijn.
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PFG-NMR metingen uitgevoerd aan de SBA-15 vezels en bundelsgeven beter inzicht in de
diffusie-eigenschappen van deze materialen. De verplaatsing van nitrobenzeen in de meso-
poreuze bundels kan goed worden beschreven door een model met constante diffusiviteit. Dit
betekent dat over de waargenomen verplaatsing van 4µm in de lengterichting, de moleculaire
verplaatsing niet wordt gehinderd door transportbeperkingen. De kanalen zijn deels doorlaat-
baar, wat in overeenstemming is met het feit dat de wand van deSBA-15 mesoporiën micro-
poreus is. In de bundels blijkt de verplaatsingssnelheid loodrecht op de lengterichting van de
kanalen toe te nemen bij langere analysetijd. Dit suggereert de afwezigheid van een perfecte
poriestructuur over afstanden van 1µm, waardoor verplaatsingen loodrecht op de lengterichting
van de kanalen wordt gestimuleerd. In de vezels blijkt de diffusie in beide gevallen in geringe
mate af te nemen met toenemende analysetijd, wat duidt op eenvertraagde verplaatsing over
grotere afstanden. Dit is in tegenstelling tot de waarnemingen in de bundels. Er is een duideli-
jke correlatie met de morfologie van de vezels, welke opgebouwd zijn uit korte segmenten
waardoor insluiting optreedt in een kleinere ruimte dan in de bundels.

Synthese van silica’s met een ordening op “meso-niveau” vindt meestal plaats via de sol-gel
techniek, waarbij enkele dagen benodigd zijn om het uiteindelijke gestructureerde product te
verkrijgen. Een alternatieve, recentere wijze van synthetiseren is zelfassemblage via verdamp-
ing van aerosolen (EISA). Deze techniek maakt de continue productie van poreuze silica deelt-
jes met een controleerbare morfologie en poriegrootte in slechts enkele seconden mogelijk.
Een apparaat is ontworpen en gebouwd bestaande uit een vernevelaar welke kleine aerosol-
deeltjes produceert, welke door een verwarmde buisoven worden getransporteerd, waarbij de
deeltjes worden gevormd. Het eindproduct wordt verzameld op een membraanfilter. In dit
type experimenten is er een groot aantal veranderlijken datde uiteindelijke eigenschappen van
het product mogelijk beı̈nvloedt. De vraag is vervolgens welke (combinatie van) variabelen
tot welke morfologie leiden en welke de grootste invloed hebben? Om deze variabelen te on-
derzoeken is een nauwkeurige statistische methodologie toegepast, waardoor het aantal experi-
menten sterk kan worden teruggedrongen. Een heldere, homogene zure oplossing bestaande uit
een organosilicaat (TEOS) en een drie-blok copolymeer (P123) als templaat wordt geatomiseerd
tot een aërosol, dat vervolgens door de verwarmde oven wordt getransporteerd, zoals hier-
boven beschreven is. Silica en micellen, opgebouwd uit oppervlakte actieve stof, ondergaan
een zelfassemblageproces waarbij gelijktijdige hydrolyse en condensatie van TEOS optreedt.
Dit resulteert in een organisch-anorganisch composiet. Calcinering bij hoge temperatuur leidt
tot nanoporeuze silica deeltjes met een gelaagde of hexagonale structuur. De experimenten
zijn gebaseerd op een factorial design methode, voor een meer gedetailleerde studie naar de
effecten van de samenstelling van de beginoplossing en reactortemperatuur op de uiteindelijke
eigenschappen van het gesynthetiseerde materiaal. Deze methode maakt het mogelijk om geli-
jktijdig de invloed van verschillende variabelen te onderzoeken. Dit heeft grote voordelen ten
opzichte van de traditionele wijze van experimenteren aan dit type materialen, waarbij slechts
één variabele per keer gewijzigd wordt. Hierdoor wordt het mogelijk om een groter bereik aan
experimentele condities te onderzoeken om op die manier de werkelijke trends (universeel of
lokaal) te belichten welke vaak aan misinterpretatie onderhevig zijn in de conventionele wijze
van experimenteren. Deze benadering heeft aangetoond dat de volgende variabelen signifi-
cant zijn: P123/TEOS blijkt een maximaal effect te hebben ophet specifiek BET oppervlak,
gevolgd doorH2O/TEOS, temperatuur en EtOH/TEOS. P123 en ethanol hebben ookeen be-
langrijk gecombineerd effect. De temperatuur heeft in vergelijking met andere variabelen een
maximale invloed op het poriënvolume. Het gebruik van contours heeft geleid tot de iden-
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tificatie van meerdere condities voor het verkrijgen van eenbenodigd specifiek oppervlak en
poriënvolume.N2 adsorptie-experimenten laten zien dat een hoge P123/TEOS verhouding leidt
tot deeltjes met een brede poriëndistributie. Lagere verhoudingen bevorderen de vorming van
een netwerk met uniforme poriëngroottes. De ordening van de nanostructuur is opgehelderd
met behulp van röntgendiffractie (XRD) en transmissie elektronenmicroscopie (TEM). Bij ma-
terialenonderzoek blijkt de synthese vaak te bestaan uit een aantal stappen met verschillende
experimentele variabelen welke ieder geoptimaliseerd dienen te worden om het gewenste prod-
uct te verkrijgen. Dit wordt vaak uitgevoerd via een arbeidsintensieve, zogenaamde ‘trial and
error’ aanpak. Door gebruik te maken van de hier beschreven technieken kan men het aan-
tal variabelen identificeren en minimaliseren, of combinaties van variabelen vinden welke een
significant effect hebben op de eigenschappen van het onderzochte materiaal. Deze informatie
kan vervolgens gebruikt worden als basis voor vervolgexperimenten om de kwaliteit van het
materiaal te verbeteren, door deze variabelen te optimaliseren. Bovendien kunnen de afgeleide
empirische gegevens dienen als basis voor het verder begripen de modellering van een complex
proces zoals EISA.

Een grote sproeidroger bij Albemarle Catalysts is gebruiktom nieuwe mesoporeuze silica en
silica-alumina materialen te synthetiseren via zelfassemblage van silica en alumina deeltjes,
waarbij P123 als structuurvormer is gebruikt. Dit proces leidt tot een amorf materiaal dat opge-
bouwd is uit gepakte silica en alumina nanodeeltjes. We hebben laten zien dat de poriëngrootte
van deze materialen voornamelijk wordt bepaald door de hoeveelheid structuurvormer en dat de
grootteonafhankelijk is van de silica-alumina verhouding van de materialen. Stabiliteitstesten
bij extreme condities (100% stoom en een temperatuur van 788◦C gedurende 20 uur) toon-
den aan dat de gesynthetiseerde mesoporeuze materialen hunmesoporeuze structuur groten-
deels behouden. Dit is duidelijk beter dan de kristallijne mesoporeuze aluminosilicaten welke
gewoonlijk in de literatuur worden beschreven. Katalytische activiteitstesten, gebaseerd op de
conversie van tri-isopropyl benzeen (TiPB) hebben aangetoond dat de activiteit van de materi-
alen afhankelijk is van de silica/alumina verhouding. Blijkbaar kan, door gebruik te maken van
nanobouwstenen bestaande uit silica en boehmiet, de activiteit van het oppervlak ten aanzien
van TiPB aangepast worden. Deze resultaten bieden nieuwe perspectieven voor de synthese van
krakingskatalysatoren, aangezien de katalytische activiteit blijkbaar ontkoppelbaar is van de
poriegrootte. Een structuurvormer (bijv. P123 in dit onderzoek, maar ook andere kunnen wor-
den gebruikt) kan worden toegepast om de mesoporiëngrootte aan te passen, terwijl de activiteit
kan worden beı̈nvloed door de silica/alumina verhouding teveranderen. Met deze techniek kan
de toegankelijkheid van de katalysator en de reactiviteit van het oppervlak onafhankelijk wor-
den ontworpen om op deze wijze tegemoet te komen aan de eisen van een specifieke voeding.
Het is zeker de moeite waard om deze templaatmoleculen, gekoppeld aan industriële silica en
alumina basismaterialen, te onderzoeken. De toegepaste silica/alumina verhouding blijkt ook
de activiteit te beı̈nvloeden. We speculeren dat dit wordt veroorzaakt door de vorming van kat-
alytisch actieve silica-alumina materialen op het grensvlak waar de silica en alumina deeltjes
elkaar raken. Het is waarschijnlijk lonend om verschillende beschikbare industriële bronnen van
silica en boehmiet te onderzoeken om zo hun effect op de reactiviteit van de gesynthetiseerde
materialen vast te stellen.

Tot slot is een aanzet gemaakt om via een aërosolmethode composieten te synthetiseren bestaande
uit zeoliet nanokristallen verankerd in een mesoporeus rooster. Dit omvat eerst de synthese van
de precursor bestaande uit ZSM-5 nanokristallen welke in een waterige oplossing zijn gedis-
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pergeerd. Indien deze suspensie samen met een P123 oplossing wordt verneveld, leidt dit tot
een insluiting van de nanokristallen in het mesoporeuze rooster. De gesynthetiseerde com-
posieten bevatten grote mesoporiën van ca. 30 nm met een relatief brede distributie en een hoog
poriënvolume van 1.0 cm3/g. Röntgendiffractiepatronen bevestigen de aanwezigheid van ZSM-
5 eenheden in de composietmaterialen. Dit zou een sterke afname in diffusielimitaties moeten
opleveren. Deze materialen met een verbeterde toegankelijkheid, gecombineerd met de zure
eigenschappen van ZSM-5 kristallen, zullen serieuze kandidaten zijn om grotere moleculen te
kraken.

Dit proefschrift laat zien dat de aërosolmethode de synthesetijd van interessante mesoporeuze
materialen en zeoliet/mesoporeuze composieten in vergelijking met de traditionele sol-gel syn-
theseroute sterk verkort. Een homogene startoplossing, ofeen gedispergeerde suspensie, kan
worden gebruikt om in enkele seconden een brede verzamelingaan materialen te produceren.
Het is zeker waardevol om in meer detail de synthese van mesoporeuze ZSM-5 composieten te
bestuderen door de Si/Al verhouding te variëren en de zuurgraad van het mesoporeuze netwerk
te sturen, toegespitst op de vereiste toepassingen.
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