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Preface

In view of increasing energy demands, one of the most impontalustrial processes is fluid
catalytic cracking (FCC), which breaks down heavier oicfiens into more desirable light
fractions, including gasoline and olefins. An FCC unit istfdra traditional oil refinery, but

also plays a major role in refineries based on other feedstae&uding renewable ones like
biomass. As crude oils become heavier and feedstocks manplew, the FCC process will
only rise in importance.

The catalyst is the heart of the FCC process, and is, notisungly, quite remarkable in it-
self. The severe conditions encountered in the process’@0&team) make it essential that it
possesses tremendous hydrothermal stability, and rataiastivity over extended periods of
operation. For about half a century, the major active coreponf an FCC catalyst has been a
zeolite.

Zeolites are microporous aluminosilicates. They occuaiture, and have been known for about
250 years. However, their naturally occurring forms areprasent, of limited value, due to
presence of undesired impurities. They are not optimizeddtalytic applications either. It was
only with the advent of synthetic zeolites, from 1948 ont thes class of porous materials began
to play an important role in catalysis. Some of these syitlzeblites exhibit unique properties
with respect to both activity and selectivity. Activity isastly determined by the Brgnsted
and the Lewis acid sites, and by metals that may be incompara&electivity is guided by the
zeolite micropores that may range in size frosd ® more than 1. The introduction in 1962
of synthetic faujasites (zeolites X and Y) on an industrcals in fluidized catalytic cracking
of heavy petroleum distillates was a landmark innovatidn lhe new zeolite catalysts were
orders of magnitude more active than the amorphous siligaiaa catalysts, and also brought
about a significant increase in the yield of gasoline, thetwalsiable product from FCC units.
It was estimated that this yield enhancement alone accéomé added value on the order of
several billions of US dollars per year, which can be attabduo zeolite catalysts [2]. Apart
from oil refining and petrochemistry, the application of ltes in environmental catalysis and
fine chemical synthesis is also steadily increasing [3-5].

Despite these broad applications and advantages, thepore® of the zeolites may in some
cases limit the catalytic performance of zeolites. Theorasthe restricted molecular transport
inside the crystals, induced by the similar size of the giffig hydrocarbons and the micropore
diameter. This becomes even more severe when the reactilegutes are bulky, as in the
case of FCC, resulting in lowered activity and undesirableedormation, leading to blockage
of the pores and a reduction of the available active surfaga. aThis requires us to address
the issue of accessibility. One way to minimize the diffusionitations is the reduction of
the intracrystalline diffusion path length. Hereby, reats can enter and reaction products are



released more rapidly. Furthermore, the increased nunflyeicoopore entrances per gram of
zeolite (increased external zeolite surface area) shasdrasult in increased activity [6].

An alternate way to prepare materials with enhanced aduktyswould be to design materi-
als with pore network architectures composed of both mmrep and mesopores, or, in other
words, to introduce hierarchical porosity. The IUPAC cifiss pores on the basis of their
size as micropores{ 2 nm), mesopores (between 2 and 50 nm) and macroporé& (m).
An optimal network of micropores, mesopores and macropeehsces transport limitations of
reactants and products, resulting in high reaction rates.

The discovery in 1992 by researchers at Mobil Oil of orderessoporous materials, which
they named MCM-41 [7], opened a new direction to tackle tloblem of diffusion limitations
encountered in reactions. MCM-41 is synthesized using diertc surfactant cetyl trimethyl
ammonium bromide (CTAB) as the structure-directing ag&he resulting materials contain a
hexagonal array of uniform channels around 3 nm in diameién,extremely high surface ar-
eas above 700 ffg. Even though it is possible to expand the pore size usiffigreint swelling
agents, such as TMB, the relatively thin pore walls of MCMHKidder their hydrothermal sta-
bility. In 1998, Stucky and co-workers synthesized a mesosired silica material, termed
SBA-15 [8], using a tri-block co-polymer, P12B(Q,,PO,,EO,,; EO is ethylene oxide, PO
is propylene oxide) as structure-directing agent. SBA-Haamals have special features, such
as large mesopores and a relatively high hydrothermallgyadoiving to their thick pore walls,
making them particularly attractive as heterogeneoudysttaupports. The sol-gel synthesis
of these mesoporous materials involves silica-surfactalitassembly. The materials can be
tuned in a variety of morphologies, depending on the syigh@mnditions. Experiments are
usually carried out in a batch reactor, and require severgs tb obtain the ordered materials.
Furthermore, due to the batch nature of the synthesis, théghoduct morphology is often
irregular.

An aerosol driven process could address the above issuapoEation induced self-assembly
(EISA) has been utilized to produce nanostructured maseam thin films, using a rapid dip-
coating or spin-coating process, during which solvent exaton enriches the concentration of
silicate and surfactant, inducing co-assembly into megoitred, defect-free surfactant-silicate
thin films [9]. This concept was combined with aerosols bynBeir and co-workers [10], who
proposed an aerosol driven EISA process to continuousihsgize solid, well-ordered spheri-
cal particles with stable pore mesostructures of hexagohtubic topology, as well as layered
(vesicular) structures, using different structure-direg agents. This process allows the syn-
thesis of nanostructured materials in a process time ofraeseconds, much shorter than the
conventional sol-gel approach. The EISA route combinesstimplicity of the sol-gel pro-
cess with the efficiency of surfactant self-assembly, algwapid synthesis of mesostructured
thin films, particles, and arrays with controlled morphgl@nd mesostructure [11]. The pro-
cess is continuous and scalable making it industriallyaetive and viable. Particles can be
synthesized over a wide size range by controlling the opegyaionditions. The particles are
generally spherical, which frequently has advantagesubsaquent powder handling and pro-
cessing. The non-equilibrium feature of the EISA proceksnal the incorporation of various
non-volatile components, such as functional organic miés; particles and polymers within
the self-assembled mesostructures, providing a geneddlenble approach for nanocompos-
ite fabrication [12]. An interesting feature from the perspive of material synthesis is that
the method enables uniform incorporation of the chemicaktigs (that can be dissolved or



dispersed into a precursor solution) into every synthesuesticle.

The main goal of this thesis is to synthesize mesoporousasslipports using the continuous
aerosol driven EISA method, which could be candidates ftalgiac applications requiring
enhanced transport, mainly for use in FCC catalysis. Duéédhigh hydrothermal stability
of SBA-15, we utilized its structure directing agent, blatkpolymer P123K0,,PO,,EO,,),

for synthesizing these nanostructured materials. Thisigetb first investigate and familiarize
ourselves with the sol-gel synthesis of mesoporous s#éiod,we present interesting results on
this subject in the first two chapters. The outline of the hissas follows.

Chapter-1 describes nanostructured, mesoporous SBArtbesized in the presence of a weak
acid,H;PO,. The uniqueness of the materials was observed through tizel lvariety of mor-
phologies that could be generated by tuning a single pasapmmemely the stirring rate during
the low temperature hydrothermal treatment. Morphologi#ise form of free standing films (at
the air-liquid interface) and a hierarchical porous cakdaurstatic conditions were observed.
Long bundles composed of threads joined together werersmtainder slow stirring condi-
tions, while short fibers were obtained under fast stirrifpese mesoporous materials had a
high surface area and well ordered, uniform pores.

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

Chapter-3 gives an account of the development of the aesagopment for continuous syn-
thesis of nanostructured silica. The chapter details tfferdnt atomizers used in this study,
namely the ultrasonic atomizer, the TSI 3076 atomizer aadiblison atomizer for generation
of aerosols from a liquid precursor. Furthermore, a tulbrdactor was also fabricated in-house,
where the liquid aerosol is transformed into the final pragwbich is collected on a membrane
filter. All the equipment parts were required to be retrafiteodified in-house to satisfy the
experimental needs and overcome any problems faced toeeasgsmooth functioning of the
aerosol equipment.

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

Chapter-5 handles the aerosol assisted synthesis of neamuspsilica in greater detail. The
synthesis in general involves a large number of experinh@atameters. In order to explore
this high dimensional experimental space, a factorialgtest experiments was employed to
study the effect of important variables, namely the premuremposition and the tubular reactor
temperature, on the textural properties of the final pradéiaigorous statistical methodology
was employed to identify the significant variables, in othvards to narrow down to those
variables which have the maximum effect on the BET surfaea and total pore volume of
the products. Furthermore, a regression analysis wasrpetbto quantify the effect of these
variables on the texture of the final particles, and the tesuére represented in the form of



contour plots.

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

The extension of the aerosol process to produce mesopo®usaZcomposites is presented
in Chapter-7. This first involved the synthesis of nanosiz8§1-5 particles using a batch sol-
gel scheme. These nanocrystals were then incorporatec intesoporous silica framework
(templated by the non-ionic surfactant, P123), resultim@ imesoporous ZSM-5 composite.
These composites with a hierarchical porous structurer@mand 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 SjOwith a hexagonal arrangement of channels with diameters in
the range of 5-30 nm [1]. Its advantages include high themstebility and relatively thick
silica walls with a network of micropores and/or mesoporethe walls in addition to well-
ordered mesopores. The porosity of the walls depends omrmeéees such as the synthesis
temeperature [2,3]. SBA-15 is synthesized using a noreismifactant P123 (block co-polymer
EO,,PO,,EO,,, where EO is ethylene oxide and PO is propylene oxide) in teegmce of
strong acids like HCI. The critical micelle concentratidriPd 23 in pureH, O is 0.03 w/v % at
25°C [4]. It has been observed that the addition of ethanol tesystem decreases the size of
the micelles [5,6].

Since the pioneering work reported by researchers at Mopis{ich surfactant templated meso-
porous materials have found several applications in csitglgas sensing, separation and op-
tics [8]. The synthesis process of mesoporous materiadsSiBA-15 involves the formation
of organic-inorganic composites by a self-assembly pmosbkere the organic phase is orga-
nized on a mesoscopic scale and serves as a template forotigamc component. Different
mesostructures and pore sizes can be obtained by adjus@isymthesis conditions and nature
of the surfactant. Mesoporous materials in the form of fil@is inonoliths [10], spheres [11],
rod-like structures [12], fibers [13] and crystals [14] hdeen obtained in block co-polymer
templating systems. Mesoporous films have been grown ateder and mica-water interfaces
through an interfacial silica-surfactant self-assembbtcpss [15,16]. Zhaet al. [17] reported
the formation of continuous mesoporous silica films witlyéperiodic cage and pore structures
using poly-(ethylene oxide) non-ionic surfactants ascstme directing agents in a dip-coating

This chapter is based on the following publications:
R. Pitchumani, W. Li, M.-O. Coppens, Catalysis Today 109&)®518.
R. Pitchumani, W. Li, M.-O. Coppens, Stud. Surf. Sci. Catal6 (2005) 83.
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2 CHAPTER 1. TUNING NANOSTRUCTURED SBA-15

process. The films exhibited high thermal stability uporcication at 450 C and were crack
free for a thickness less thanuiin. The thickness of the film was varied uniformly by adjusting
the dip-coating rate or the coating solution concentratibhese mesostructured films might
find use, in addition to catalysis, as membranes for bionubdeseparations, sensors, ordered
ceramic matrix composites and mesostructured compodifds Highly ordered mesoporous
SBA-15 fibers over hundreds of microns in length, with a umfaiameter, were grown using
tetra-methyl orthosilicate (TMOS) under acidic condis@hl]. Ordered and optically transpar-
ent mesoporous silica fibers were synthesized in a two-phyatem at room temperature and
have been demonstrated to have potential as high-surfaaeogtical waveguides [18]. Yang
et al. [13] employed a simple process for making mesoporous fibélslarge and accessible
pores. These fibers were uni-axially aligned and possestest 8D hexagonal cage or 2D
hexagonal channel structures.

In the present study, we utilize a simple approach to sekgtsynthesize unique morphologies
of SBA-15 from a mixture that is similar to the one convengtiyn used [1], except that it
includes a weak acifl;PO, instead of the strong acid HCI. By simply controlling therstig
rate, shapes of a broader variety than when using HCI arenelotédrom an identical starting
mixture.

1.2 Experimental

1.2.1 Material Synthesis

A sol-gel process was employed to produce the materialsfeferit samples were prepared
from the same initial aqueous solution. 3.0 g of Pluronic 3P&&re dissolved in 5.0 g of
phosphoric acid (85 wt.%) and 60 ml of deionized water at@@o obtain a clear solution. 8.0
ml of tetra ethyl orthosilicate (TEOS) was quickly addedHis imixture, while stirring at 40C
with a magnetic stirrer. Excess water was added to make updllaéion to 80 ml. The molar
composition of the starting solution was TEOS : P123,PO, : H,0=1.0: 0.015: 1.23:
111.1.

Three sets of experiments were performed. In the first setingt (at 500 rpm) was stopped
2 minutes after the addition of TEOS and the mixture was syuesatly kept under static con-
ditions at 40°C for 48 h. In the second and third set of experiments the isolutas stirred,
either vigorously (423 rpm) or slowly (134 rpm) at 40 for 24 h. The solid products obtained
from the three batches were transferred to autoclaves awad 00 C for 24 h. The resulting
products were recovered by filtration, washed with deiahizater, and dried in an oven at 80
°C. To remove the organic template, the samples were cal@n280°C for 3 h and then at
550°C for 7 h using a heating rate of’&/min.

1.2.2 Material characterization

Powder X-ray diffraction (XRD) patterns of products obtdrfrom the first set of experiments
were recorded using a Bruker-AXS D5005 diffractometer witBo Ko X-ray source K¢, =
0.179026 nm). XRD patterns of products produced from theratkts were recorded using a
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Bruker-AXS D8 Advance X-ray diffractometer equipped witklantec position sensitive detec-
tor using Co kv radiation ¢, = 0.179026 nm). Scanning electron microscopy (SEM) images
were obtained with a JEOL JSM-6500F microscope. Transonsdectron micrographs (TEM)
were recorded using a Philips CM30T electron microscoph witaB; flament as the elec-
tron source, operated at 300 kV. Samples were mounted onragridt carbon polymer, which
was fixed on a copper grid. A specimen of the film was prepareanbyltrathin microtoming
method, in which the film sample was embedded in an epoxy;rdsimslices were cut parallel

to the film surface and then placed on the grid.

Nitrogen adsorption-desorption isotherms were measwseaya Quantachrome Autosorb-6B
sorption analyzer. Prior to the isotherm measurementssah®les were degassed at 38D
overnight.

The phosphorus contentin the calcined samples was detdritom X-ray fluorescence (XRF)
measurements done on a Philips PW1480 spectrometer. Tleerdoations were calculated
with the semi quantitative program UniQuafit5

1.3 Results and Discussion

Figure 1.1 shows SEM images of the materials synthesizedrwstdtic conditions. Initially,
freestanding, transparent films were produced at the deniaterface.

Subsequent ageing and calcination resulted in a film with@osim crack free continuous sur-
face having a uniform thickness of 4én (as seen in Figure 1.1a). It was also observed that thin
rods extended from the surface of the film and into the salut®n reaching a certain length,
these rods got detached from the film surface.

A white precipitate was formed as well. Calcination of thedgample resulted in a cake-
like structure as shown in Figure 1.1b. Close observatiothefcake indicated that it was
composed of a closely packed network of particulate gramse{ of Figure 1.1b). The void

existing between these grains (inter-particle space)igesvmacroporosity (in addition to the
mesoporosity) resulting in a hierarchical porous material

Materials prepared under vigorous stirring conditionsittesl in fiber-like morphologies. Fig-
ure 1.2 shows SEM images of fibers of length over u®in length and a width of 1Qm.
Close examination of these fibers indicated that the fibere weade up of several individual
segments coupled together along their length (Figure 1.Rbjducts synthesized under slow
stirring conditions had a unique morphology in the form ohdlles as shown in Figure 1.3 (c)
and (d), several hundradn in length and with a width of at least 9in. The bundles are
composed of long thin thread-like structures fused toggtigure 1.3b).

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

In comparison, the absence of the (110) reflection for the ihggests that the pore channels
are aligned parallel to the film surface. Similar observagibave been made by Zhabal.
[17] who synthesized mesoporous SBA-15 films on polishedosilwafers and confirmed the



4 CHAPTER 1. TUNING NANOSTRUCTURED SBA-15

AccV SpotMagn Det WD Exp FH—— 100 um
120kV 5.0 15b6x SE 1321

AccV Spot Magn Det WD Exp 1 200 pm
150kvV 50 80x SE 1321

Figure 1.1: SEM of calcined (a) film and (b) cake

orientation of the pore channels from TEM images. The cethpeter of films, cakes, fibers
and bundles (calculated using the formula= 2d,00/v/3 , dygo 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) swfaea of 833 fig, a pore volume
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Figure 1.2: (a) and (b) SEM images of SBA-15 fibers

of 0.88 cni/g and an average pore size of 8.0 nm calculated by using tiietBaoyner-Halenda
(BJH) model applied to the adsorption branch of the isothefime calcined cake has a BET
surface area of 827 iy, a pore volume of 1.04 ctty and a BJH pore size of around 8.0 nm.

The N, adsorption-desorption isotherms (Figure 1.5) of calcisiida fibers and bundles are
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B o
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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 isothernd @mrresponding pore size dis-
tributions (inset of Figure 1.5a and b) indicate the presesfca narrow pore size distribution
in both fibers and bundles. The fibers have a BJH pore size afif@.Qcalculated from the
adsorption isotherm), a BET surface area of 626gnand a pore volume of 0.83 ¢fg. The
bundles have a slightly larger pore size of 8.8 nm, a muchemiBET surface area of 968y
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Figure 1.4: X-ray diffraction patterns of different sangple

and a pore volume of 1.3 cify.

Insight into the pore structure of the mesoporous silicalkesis revealed by TEM (Figure 1.6).
Well-ordered hexagonal arrays of pores were found in thelleucross-section (Figure 1.6b).
Figure 1.6a shows the high structural order, with paraléglocthannels of a uniform diameter
that follow the long axis of the bundles with high fidelity. AAM image of the top view of
the microtomed film (Figure 1.7) shows that the channels redgminantly parallel to the film
surface. This is in agreement with the observed XRD pattégu(e 1.4).

The stirring rate can thus be used effectively to tune thepimalogy of SBA-15. The different
shear rate associated with different stirring conditiorfRiences the shape and aggregation of
micelles, as well as the interfacial growth of the silicafaatant mesophase, resulting in distinct
morphologies. Note again that the starting composition idlastical in all experiments. It is
not clear yet how thél;PO, 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 bundlesiad the presence of phospho-



8 CHAPTER 1. TUNING NANOSTRUCTURED SBA-15

900 T T T T T T T T T
0.08
800 =
%0.06
\8 700 ¢ mg 0.04
mE 600 - %o.oz
8. ©
Q 500 B 0
- o 5 10 15 20
% 400 Pore Diameter [nm] .
>
300 .
200 a
100 1 1 1 1 1 1 1 1
O 01 02 03 04 05 06 0.7 08 09 1
Relative pressure, P/P [-]
700 T T T T T T T T T
0.06 T T T
600  E
2 0.04 - .
= 5
ooE 500 r éo.oz - -
5 2
D) 400 B 0 Ak
g o 5 10 15 20
= Pore Diameter [nm]
g 300
200 b |

100
O 01 02 03 04 05 06 0.7 0.8 09 1

Relative pressure, P/Pg [-]

Figure 1.5: N adsorption-desorption isotherms and (inset) pore sizellisions of (a) fibers
and (b) bundles calculated using the BJH model from the atisorbranch of the isotherms
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Figure 1.6: TEM images of calcined silica bundles alongdioms (a) [1 1 0] and (b) [1 0 0]

rus in the silica framework even after calcination at 36(Q(Table 1.1). The phosphorus content
in the bundles was more than 10 times that present in the fiddrs generation of Brgnsted
acidity is proposed due to interaction of thigPO, with the silica species during hydrolysis
to form P—O—Si bonds. Although the hydroxyl groups of phosphoric acid camdmoved by
dehydration during high temperature calcination, the bygrgroups 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 hydrgryups on phosphorus have the
ability to donate protons, producing mainly Brgnsted adigson the surface of SBA-15. This
improves the overall acidity of SBA-15 and could be used aasing selective catalyst for
specific reactions that need only Brgnsted acidity, foransé dehydration of isopropanol [20].
Phosphorus containing catalysts have been shown to imgre\agtivity for selective oxidation
of hydrocarbons [21] and improve hydrothermal stabilityled mesoporous framework [22].

1.4 Conclusions

In summary, we successfully synthesized distinct morpdiel (films, cakes, fibers and bun-
dles) of highly ordered mesoporous SBA-15 in the preseneeeak acid H,PO,) by simply
changing the stirring rate. XRF measurements indicateptésence of phosphorus in the sil-
ica framework generating additional Brgnsted acid sitd&sMTmages of the bundles revealed
parallel nanochannels oriented along the long axis of timelles.
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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 largetapa of nanoporous materials of
different composition, pore architecture, and shape. Imyr@ases, appropriate fluid trans-
port properties are essential for their technical appbeafl,2]. Hence, in addition to the
well-established methods of textural characterizatigndBfusion measurements are often in-
dispensable to completely characterize these materialsnany cases, the mechanisms and
structural properties thus identified as rate limiting feell mass transfer deviate dramati-
cally from those expected on the basis of the “textbook’cttre of these materials.

The present chapter deals with the application of the puisttigradient technique of nuclear
magnetic resonance (PFG NMR) to diffusion studies in narmpsilica SBA-15 [4]. The
materials under study were synthesized following the nafprocedure described in [5], which
includes the weak acitl,PO, instead ofHCl. By simply controlling the stirring rate of one
and the same starting mixture, a simple route was found tergénparticle shapes of a broad
variety. It shall be demonstrated that the structural ceffiees associated with two different
morphologies of the SBA-15 specimens under study, namelgtid fibers and bundles, are
nicely reflected by the transport properties of guest mdéscu

This chapter is based on the following publication:
S. Naumoy, R. Valiullin, J. Karger, R. Pitchumani, M.-O.gpens, Micropor. Mesopor. Mater. 110 (2008) 37.
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14 CHAPTER 2. PORE CONNECTIVITY AND ARCHITECTURE

2.2 Experimental

Figure 2.1 shows SEM images of the two SBA-15 specimenseadutire. Their textural prop-
erties are given in Table 2.1. Nitrobenzene was used as an NiMBe molecule. Prior to
introduction into the NMR sample tubes (7.5 mm O.D., 10 mninfjllength), the SBA-15
material was activated by heating (24 h at 323 K) under evamuaAfter activation, the bulk
nitrobenzene was added in excess to the evacuated probeainatta temperature of 297 K.

L \ .
18kl 1688um 7 i i ¥ 18k ZBpm

1SkU 18pm

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

All diffusion measurements were performed at 253 K, i.ensiderably below the melting
point of bulk nitrobenzen€l(,.;; = 278 K). In this way, the space outside of the mesopores is
essentially blocked by the phase of frozen nitrobenzendewie pore space - owing to the
melting-point depression [6,7] - is still accommodated ioyild nitrobenzene. The diffusion
behavior of the molecules within this liquid phase was stddn our experiments. The self
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diffusion coefficient of nitrobenzene in bulk2sx 10~° m?/s [8].

Table 2.1: Textural properties of SBA-15

MOfphOlOgy SBET V;f dBJH V[.l Smeso a t
[m?/g] [cm®/g] [nm] [cm’/g] [m?/g] [nm] [nm]
Fibers 968 1.26 8.8 0.15 629 106 1.8
Bundles 626 0.83 8.0 0.092 421 106 2.6

Sger - BET surface aredy; - total pore volumedy;y - BJH pore diameter obtained by
applying the BJH model to the adsorption branch of the isathég], - micropore volume,
Smeso - Mesopore surface area; cell parameter; - pore wall thicknesst(= a — dg ).

The PFG NMR diffusion measurements have been performed diVHR spectrometer at 400
MHz with a home-built gradient unit [9]. The measuremensdzhon the sequence of radio
frequency and gradient pulses, generates an NMR signascdoalled spin echo of resonant
nuclei (H). Dependent on gradient duratiéngradient strengtly and observation timg the
spin echo amplitudé/(dg, t) becomes sensitive to the translational motion of moledulése
probe (diffusion). Assuming that the pulsed field gradiearts applied along the z-axis in the
laboratory frame of reference, the echo attenuation f4&tgd 1] is given by:

M(dg,1)

P(dg,t) = Mg =0.0) = /P(z,t)e_’(wg)zdz (2.1)
The diffusion propagatoP(z, t) denotes the probability that during the observation tirtiee
molecules are displaced over a distana@ethe field gradient direction. The gyromagnetic ratio
isy = 2.67 x 108 T~'s~! for the probedH nuclei. According to Equation (2.1), the spin echo
attenuationy)(dg,t) can be used to monitor the self-diffusion process. In the cdsiormal
unrestricted self-diffusion, the averaged propagatorGmassian and the spin echo attenuation

is described by a mono-exponential decay:

P(dg,t) = e~ (109)° Dot _ —D=g’t (2.2)

with ¢ = vdg. In complex systems, the averaged propagator may devatedrGaussian. In
PFG NMR, these deviations allow us to determine additiohalacteristic parameters which
influence self-diffusion under the given constraints.

For systems with an anisotropic pore structure, as in the oaboth SBA-15 silica samples,
we expect the propagation to be dependent on the directiproplagation within the system.
The self-diffusivity parallel to the direction of the 1-D amel (,,,) should be much larger
than the self-diffusion coefficient perpendicular to i2,(,,). Thus, displacements along the
channels are much less inhibited by transport resistamegsdisplacements perpendicular to
the channel axis. The latter may result from defects in tfaokl walls or the channel ends.



16 CHAPTER 2. PORE CONNECTIVITY AND ARCHITECTURE

2.3 Results and Discussion

Figure 2.2 provides a typical representation of the sigttahaation in the PFG NMR experi-

ments. It notably deviates from the simple Equation (2.hjicl predicts an exponential decay,
and, therefore, a straight line in a logarithmic plot. Hoeewn view of the sample anisotropy,
such a deviation is to be expected, as Equation (2.1) is f@lidotropic diffusion only.

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

21 s
w(5g7 t) = 4i / / e{—('yég)2t(Dw c0s? 6+ Dy, sin? 6 cos? ¢p+ D, sin? Osin? ¢)} sin 9d9d¢ (23)
T Jo 0

where the quantitie®,,, D,,, and D, indicates the principal elements of the diffusion tensor.
Due to rotational symmetry of the system under study, in asedquation (2.3) simplifies to
(again withg = vdg):

]_ g 2 2 H

v(gt) =3 / {01 Ppar cos® 04 Dyery sin®0)] i 1 (2.4)
0

whereD,,,, and D,.,, are the self-diffusivities as introduced above. Since tbst Iparticles

within our sample tube may assume all directions with equabability, Equation (2.4) may be

finally transformed into:

2 —_
U(g,t) = @67‘12’5Dﬂerp erf (\/q t(Dpar Dperp>)
2 VP (Dyar — Dyerp)

Figure 2.2 displays those representations of Equatior) (fch provide the best fit to the
experimental data. The values fby,,. andD,.,, used in the fit are shown in the inset.

(2.5)

Figure 2.3 presents a complete survey of the self-difftissD,,, and D,.,,, and their depen-
dence on the observation time as resulting from the PFG NIgRasattenuation curves for the
different observation times considered. In addition todhservation timeg, in the abscissa
we have also indicated the mean square displaceni€jt$ in the mesopore channel direction
and perpendicular to it. These displacements are relatdoktoorresponding self-diffusivities
D (Dp,, andD,.,,,, respectively) by Einstein’s equation [14]:

(s*) = 2Dt (2.6)
The following summarizes our main findings:
1. Irrespective of a pronounced diffusion anisotropy okerdonsidered temporal and spatial

scales (as indicated in the abscissa), diffusion is by fardeally one-dimensional. This
suggests (as in the case of water in the MCM-41 sample stud{&8]) the following:
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Figure 2.2: Spin echo attenuation for nitrobenzene in SBAiiers. The solid lines represent
the best fits of the analytical solution (Equation (2.5)thathe parameters as indicated in the
inserts. Top panel: Observation time 5 ms, bottom panel: Observation tirhe 300 ms

(a) Displacements in the channel direction within the basdire described with a con-
stant diffusivity. This means that over the observed disgri@ents of 4um, molec-
ular transport in the longitudinal direction is not affettiey additional transport
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Figure 2.3: Self-diffusivitied,,, andD,.,, as a function of diffusion (i.e., observation) time
for SBA-15 fibers (top) and bundles (bottom). For an illustna of the distances over which

these diffusivities have been measured, the abscissaagssfiie values of the mean-square
displacementss?,,.) and (s2,,,), resulting from an average value of the diffusivities in the

par

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, perree#indieed it is known that
the walls of SBA-15 are microporous [16,17].

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

2. Additionally, in the bundles there is a tendency that ldispments perpendicular to the
mean channel direction proceed at a rate increasing witleasag observation time.
This finding suggests the absence of a perfect channel steuoter distances of the
order of these displacements {in), which facilitate propagation perpendicular to the
mean channel direction.

3. Inthe fibers, both diffusivities are found to (slightlygatease with increasing observation
time. This points to some confinement and, hence, to a retgnagpagation over longer
distances, in contrast to what is observed with the bundiés. lateral extension of the
fibers is far below that of the bundles, therefore it could keeted that in the case of
the fibers the external frozen phase will lead to spatial cenfient within much narrower
dimensions than in the bundles. This agrees with the expatahfindings.

2.4 Conclusions

Differences in SBA-15 silica morphology lead to specifidetiénces in the propagation pattern
of guest molecules, as revealed by PFG NMR, using nitrobenas the probe molecule. Ni-
trobenzene was used in excess, so that inside the NMR sautq@s, tthe host particles were
surrounded by a bulk phase of the guest molecules. Thus|&stisg a temperature below the
melting point of the bulk (253 K) and above that of the gueshmhost mesopores, molecular
propagation, as traced by PFG NMR, is essentially confingdeandividual host particles. In
both types of particles (fibers and bundles), the Browniation@f molecules in the pores was
found to be anisotropic, and characterized by a rotatigrsglinmetrical diffusion tensor. The
diffusion coefficient in the direction of the axis of symmyetD,,,,-) is one to two orders of mag-
nitude larger than that in a direction perpendicular tdif(,). The quantityD,,, is therefore
referred to as the diffusion coefficient in the channel dioet; while D,,.,,, describes the rate of
propagation perpendicular to the channel axis, due toredtfiaite permeability of the channel
walls or to deviations from an ideal structure with infinjte@lxtended straight channels. PFG
NMR is unable to discriminate between these options, bstkhiown that the mesopore walls
of SBA-15 are microporous.

With increasing observation timé),,, in bundles of SBA-15 “threads” is found to be constant.
This indicates that, over the covered displacement rangé&(d um), there are no particularly
pronounced transport resistances slowing down the rateobéaular propagation along the
SBA-15 nanopores.

The rate of propagation in the perpendicular direction ol one and a half orders of magni-
tude slower, is found to increase with increasing propagédtme. This suggests the existence
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of defects, which facilitate the escape of guest moleculésfithe threads constituting a bundle.
In contrast to this behavior, in the fiber-like particles th#usivity in directions perpendicular
to the nanopores is found to decrease with increasing odsemvtimes, and, hence, with in-
creasing displacements. This behavior may be related tentfadler size of the silica particles
constituting a fiber, which results in stronger confinemdrthe fluid phase inside the silica
pores. Variation in size of the guest molecules as well ahi®famount of the excess guest
phase between the particles would enable to trace the egemates between the different parts
of the hierarchical pore space of a nanostructured material

This novel option of pore space exploration, namely “portygniey 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 syntliegsteg a batch process that lasted
several days to achieve ordered materials. Furthermoeebakch process has inherent dis-
advantages of heterogeneity in morphology of the final pcadin order to overcome these
limitations, a continuous reactor based on aerosols wagrdssand constructed.

There are at least two routes for the preparation of ultrafaréicles by aerosol processes. The
first involves gas-to-particle conversion and the secotitbi$iquid-to-solid particle conversion.
In gas-to-particle conversion, particles are generatecbloying a supersaturated vapor, involv-
ing the use of methods called physical vapor deposition (PMD'evaporation-condensation
method” and chemical vapor deposition (CVD) [1]. PVD inve$vthe evaporation of a solid or
liquid which is the source of the vapor. Eventually, in the@loog stage, nucleation and con-
densation of the saturated vapor take place and solid [gsrtce formed. In CVD, the vapor
evaporated from the solution precursors is thermally dgum®d or reacts with another precur-
sor vapor or a surrounding gas. Finally, the solid partielesformed by nucleation, conden-
sation and coagulation. Liquid-to-particle conversian.(ispray pyrolysis) is a representative
“break-down” method for aerosol processing [2]. The sprgyinethod is often classified as
a liquid-phase method because solutions or sols are usad.nmdthod has been used to pre-
pare numerous types of functional particles. In comparisotine gas-to-particle conversion
route, the spraying method is a simple and low-cost prockkgti-component materials are
also easily prepared by this route.

Suh and Suslick [3] used an inexpensive high-frequencgsoiund generator from a household
humidifier to produce porous silica particles that are psron the nanometer scale. By using
two heated furnace zones, polymerization of organic momsinehe presence of silica colloid
was initiated, which createdn situ, a composite of silica with an organic polymer, followed
by a second heating to pyrolyze and remove the polymer. Thaépioduct was obtained by
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passing the aerosol exiting the furnace into water filledoberis. 1t was shown that, in a single
flow process, ferromagnetic cobalt nanoparticles can by esmeapsulated in the porous silica,
and the resulting nanospheres are extremely resistantdaidation.

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

The group of Prof. Kikuo Okuyama in Japan has reported ingresesults using a tubular
aerosol reactor, a method that we also used in this thesisiglse spray-pyrolysis method,
they prepared various functional fine particles, such ashegide superconductors [8], metal
sulfides [9] and some rare-earth-doped oxide phosphor rast¢l0]. Iskandeet al. [11,12]
synthesized porous silica particles with controllableepsizes by a spraying a precursor con-
sisting of silica and polystyrene latex (PSL) nanopartided leading the droplets through a
heated tubular reactor. The pores on the surface of theclestileft after burning away the
template particles, were observed to be arranged into agbeshpacking, and the pore size
was controlled by changing the template (PSL) particle.size

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

3.2 Experimental Setup

The aerosol experimental setup used in the present worktesgeconsists of an aerosol gen-
erator, possibly followed by a silica gel drier, a heatedutabreactor, and a particle collector.
Figure 3.1 shows a schematic diagram of the setup used fostractured particle production
in this thesis.

—>

Precursor Aerosol Droplets > Aerosol ; Solid
Gas —3» | Generator Reactor Product

Figure 3.1: Schematic of an aerosol particle productiocess

Liquid precursor and a carrier gas are fed into the generatat the liquid is disintegrated

into fine droplets, which are then carried (by the gas) ineoltbated aerosol reactor. The final
product is collected on a particle filter. Details of eacht pathe setup will be described in due
course. The main feature of this process is that it is contiswith a process time of only a

few seconds.

The patrticle size distribution of the final product can betoafed by controlling the droplet size

distribution of the atomizer. Hence the final product depgempon the atomizer performance
and its correct use. Several atomizers were tested; somgedgnodifications to be used for
our purpose.
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3.2.1 Atomizers/Nebulizers

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

The earliest nebulizers that were developed were basedea different basic principles:

« Inthe first type, a liquid jet impinges on a plate or an oppeoEt to produce fine droplets.

* In the second type, air is turbulently mixed with the ligtadbe atomized, which induces
atomization.

* In the third type, compressed air is mixed with liquid ins@cway that it sucks the liquid
into the air stream, which is suddenly expanded at the exit@hozzle.

The drop size and drop size distribution depend upon vam@ssgn parameters like nozzle
diameter and tube diameter, and operating parameters suain pressure, liquid properties
such as density, viscosity, slurry concentration and sarfansion. Every commercial nebulizer
has to be tuned or retrofitted for the suspension or sluryrtbeds to be atomized.

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

Ultrasonic nebulizer

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

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

The nebulizer as obtained from the manufacturer had celitaitations for the present ex-
perimental needs. No aerosol was observed leaving thet aumtleperating the atomizer with
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Figure 3.2: Ultrasonic nebulizer

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

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

Furthermore, it was also observed that the compresseddiofine atomizer bypassed the air
outlet, and instead passed through the liquid inlet of theihzing chamber, leading to bubbling
of the liquid in the precursor reservoir. As a result, theeswo generation of aerosol. This
problem was solved by equalising pressures at the nebutieéand the space above the liquid
in the reservoir by connecting an air line to the top of theresir (shown in Figure 3.3). The
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Air-line

T-junction

Inlet d ! =|7
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* Redirect carrier gas

» Equalise pressures

Figure 3.3: Retrofitted parts of the Ultrasonic nebulizer

final configuration allowed continuous generation of aelroso

Reasons for switching from Ultrasonic to TSI atomizer

Earlier experiments using colloidal nanoparticle solusigperformed with the Sonaer 241PG
Ultrasonic nebulizer were successful. Nearly sphericaloparticle agglomerates were ob-
tained using a colloidal nanosilica solution (nominal mdetsize = 7 nm) with a surface area
of 133 nt/g (see APPENDIX-A). However, using a precursor solutionsisting of tetra-ethyl
orthosilicate and surfactant, led to foam production (duigjorous agitation of the surfac-
tant during the nebulization process), and no product wadymed. The foaming problem was
solved by adding ethanol to the precursor. However, thdtregisolution could not be nebu-
lized. In this case, on operating the nebulizer, only a faumof coarse droplets was generated
and no fine mist was produced. Another precursor solutionpwegared with just sufficient
ethanol to prevent foaming but led to the same result. Pless#asons for this occurrence
could be the strong influence of precursor viscosity andasertension on the nebulization
process. The ultrasonic atomization process involves argéon of waves by a piezoelectric
crystal vibrating at a very high frequency, which leads tatedion, resulting in the production
of fine droplets. The chemical composition utilized altéres liquid surface tension and viscos-
ity, affecting the cavitation process, and hindering thedpiction of fine droplets. Hence, it was
decided to use an atomizer with a different working prineipthe TSI 3076 Atomizer.
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TSI 3076 Atomizer

The TSI 3076 Atomizer is shown in Figure 3.4. Compressedxgareds through an orifice to
form a high-velocity jet. Liquid is drawn into the atomizisgction through a vertical passage
and is then atomized by the jet. The droplets impinge on tHe wiaere large ones are removed,
and impaction causes the formation of small droplets. Extigsid is drained at the bottom of
the atomizer assembly block. A fine spray leaves the atorthzeugh a fitting at the top.

Aerosol Out

Compressed ———»
Air In

Liquid In

Excess Liquid R —
to Closed -
Reservoir

Figure 3.4: TSI 3076 Atomizer [15]

BGI Inc. Collison Atomizer

In spite of the successful operation of the TSI 3076 atomwzerfound it difficult to repeatedly
clean some parts of the equipment, due to the difficultiestess them.

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

When compressed gas is passed through the device and isal®aie the nozzle, it creates a
negative pressure gradient, and liquid is sucked in thrabgtbottom of the nozzle head. The
liquid mixes with the gas and exits through the nozzle as ajéneThis jet impacts the wall

of the glass jar and the coarse droplets are returned to $keeviar while the fine aerosol (gas
carrying a fine mist of droplets) leaves the atomizer exis @f paramount importance that the



3.2. EXPERIMENTAL SETUP 27

nozzle is immersed in the liquid at all times to ensure cardus operation. Furthermore, the
liquid level should not be too high to avoid interferencehathie forming jet.

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

The 6-jet atomizer generates nearly 8 I/min of aerosol aeagure of 1 barg. Two liters per
minute were passed through the reactor, and remaining €&essol was fed to an aerosol
collector (conical flask filled with water to collect any gbhnatter) and then released into the
fumehood.

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

3.2.2 Diffusion Drier

In certain experiments an in-house built diffusion drierswesed to dry the droplets at room
temperature. The diffusion drier consists of a cylindriealspex tube housing with a coaxial
wire screen cylinder placed in the center. The annular spateeen the cylinder and the
housing is filled with silica gel. One end of the silica geledrtan be opened to feed the silica
gel and can be easily tightened with O-rings for a gas tighineation. As the wet aerosol
flows through the inner cylinder, water vapor diffuses tlgiothe wire screen and into the silica
gel. Particle loss from the aerosol is minimal, since theéigdas have a much smaller diffusion
coefficient than the water molecules. When the gel becontasased with moisture, its color
changes from orange to colorless, indicating that it neeti® regenerated. This can be carried
out in an oven at 12.

3.2.3 Aerosol Reactor

A tubular oven (Model Carbolite) served as a basis for thesreactor. Basically, the reactor
is a hollow tube in ceramic, quartz or glass, placed insiddalar furnace with a heated length
of 100 cm. The furnace has a maximum operating temperatul®@d °C. The furnace is
divided into three zones and the temperature of each zonsesaraintained using a temperature
controller. Two ceramic discs (99.7 2d,0,, diameter = 104 mm, thickness = 10 mm, GIMEX
technische keramiek B.V.) were modified to act as supportghi® ceramic tube. Concentric
circular discs of diameter 30 mm were cut out from the cerasiscs. The discs were also
machined to fit within the tubular furnace.

Furthermore, each of the discs were cut into equal halveditted with metal strips for con-
necting to the furnace. The tube to be heated was placedwtititubular furnace, and parallel
to its axis, with the help of these ceramic discs as suppohiee 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 % porousl,O,) with a length of 120 cm and an inner diameter of 2.0
cm was procured from GIMEX technische keramiek B.V. The evfdhie ceramic tube were
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Figure 3.6: Collison atomizer with external feed connettio

fitted with CF metal flanges (Hositrad B.V.), and the integfacas sealed with a chemically
setting cement (Sauereisen No. 29, Permacol B.V.). Theflalege was connected with 6 mm
stainless steel tubing for aerosol entry, and the flangeeatttirer end had an opening for aerosol
exit (connecting to 6 mm S.S. tubing) and for placing a thexowple 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 and glass flanges at its ends,
was used as well. The ends of the tube were connected to thefré®e setup with KF 40
clamps. In another set of experiments a glass tube of siditansions was also used.

Thermocouple

A temperature profile probe with custom specifications wasymed from OMEGA. It con-
sists of 6 k-type thermocouples with the sensing ends platetifferent positions enclosed
inside a stainless steel protective casing. The lengthegptbbe was nearly 110 cm, and output
leads were provided for connections to a thermocouple AHd @sleasurementcomputify

to record the temperature online in an ®Bxcel file. This allowed continuous monitoring of
the axial temperature profile in the aerosol reactor. Thentbeouple was placed in the axial
position with the help of three ceramic supports screweddhd thermocouple.



30 CHAPTER 3. AEROSOL REACTOR

3.2.4 Collection filter

The resulting fine particles exiting the reactor were cédldoon an in-house made stainless
steel aerosol filter. It consists of a Whatrff@made membrane filter (retention size of O4B)
placed on a porous ceramic plate. The stainless steel lgpakthe filter was wrapped with a
heating tape with which the temperature was kept &t@&0

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

Table 3.1: Operating conditions of aerosol equipment

Gas flow rate [I/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 feosteuctured silica production. In
the course of experimentation, it was observed that the<oallatomizer was best suited for
the experiments as compared to the TSI atomizer and theaiti@nebulizer. Furthermore, an
aerosol equipment consisting of an aerosol generatorsalereactor and collection filter was
successfully constructed in-house with suitable modificatfor 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 havectttaonsiderable attention, owing to

their unique properties such as a controllable pore strectuhigh surface area and a narrow
pore size distribution, which make these materials paéngéindidates for applications in het-

erogeneous catalysis, chromatography, controlled dilegse, and optical applications [1-2].

Ordered mesoporous materials with well-defined pore sizgssfich as MCM-41 and SBA-
15 [4], have been widely synthesized via self-assembly tbo& or non-ionic surfactants
and oligomeric silica under batch conditions. The processsually conducted over a period
of several days to obtain a high degree of order of the porésainal inorganic material. A
novel, rapid synthesis approach [5], namely, aerosobkeessevaporation-induced self-assembly
(EISA), allows the production of mesostructured partielghin a process time of only several
seconds, much shorter than the conventional approach. [BferBute combines the simplicity
of the sol-gel process with the efficiency of surfactant-asgembly, allowing rapid synthesis of
mesostructured thin films, particles, and arrays with adigd morphology and mesostructure
[6,7]. The process is continuous and scalable. Particledeasynthesized over a wide size
range by controlling the operating conditions. The pagtcre generally spherical, which fre-
guently has advantages for subsequent powder handlingrandgsing. The non-equilibrium
feature of the EISA process allows the incorporation ofoiaaginon-volatile components such as

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

Figure 4.1 shows the schematic diagram of the mechanisnrioiafoon in the EISA process.
Starting with aerosol dispersion of the precursor solutising an atomizer, solvent evaporation
creates a radial gradient of surfactant concentrationméhch droplet that steepens in time [9].
This enrichment of the surfactant induces silica-surfatctalf-assembly. The radial concentra-
tion gradient and presence of the liquid-vapor interfacki¢iv serves as a nucleating surface)
promotes silica hydrolysis and condensation reactiomsaifay structured powders. Subsequent
calcination of the powder for surfactant removal leads tsos&uctured particles with a high
surface area. The process is continuous and scalable, apadatiuct particle size distribution
can be controlled by tuning the operating conditions. Thi®sol scheme generates precursor
droplets with a size of several micrometers, each with antidal composition, making this ap-
proach particularly attractive for the uniform incorpaooatof active metal species in the silica
framework [5,10].

Here, we report on the aerosol synthesis of porous silichcfes with large mesopores of a
controlled size using micelles of a non-ionic block copofrmaurfactant as a template.

Solvent Solvent % structuring agent

evaporation evaporation . .
O silica species

Inorganic/organic
structured particle

Initial droplet ~ /
\— _/ - _
VT - - o~
’ Inorganic condensation ‘ Surfactant removal by
calcination

Mesoporous
inorganic particle

» Co-operative self-assembly
* Mesostructuring

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

4.2 Experimental

4.2.1 Experimental setup

The schematic arrangement of the spray pyrolysis appasstswn in Figure 4.2. An atomizer
produces a constant stream of fine droplets. Two models wsad, la TSI 3076 atomizer
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(operated at 1.5 barg) and a BGI Inc. Collison nebulizer (@eel at 1.0 barg), as described
in chapter 3 (section 3.2.1). Droplets were transported lbgraer gas through a silica gel

drier, followed by a three-zone tubular furnace. The oldipowder was collected on a filter
maintained at 60-80C by a heating tape to prevent condensation of water vaperflotv rate

of the carrier gas (air) through the tubular reactor was &epstant at 2.0 I/min by using a mass
flow controller and pump installed after the collection filte

4.2.2 Synthesis Procedure

The precursor solution for the aerosol experiments was oset of a silica source (tetra-
ethoxy silane, TEOS), a non-ionic surfactant (tri-blockalymerEO,,PO,,EO,,, P123), HCI,
deionized water and ethanol (EtOH). A typical solution wespared by first dissolving P123
in a mixture of ethanol and water (pH adjusted to pH = 1.2 usi@). TEOS was then added,
and the mixture was stirred at room temperature for 1 h toiebtAomogeneous solution. The
precursor solution remained clear throughout the duraif@erosol generation.

The molar composition of the starting solution and the gpoading furnace temperatures
used for the experiments are given in Table 4.1. The temperatet points of the furnace
heating zones were increased in steps to ensure a gradtiabhefethe incoming droplets. The
powders obtained were calcined at 2%Dfor 3 h and then at 550C for 7 h using a heating
rate of 5°C/min to remove the organic template. Samples obtainedjubs TSI atomizer are
denoted by prefix “T” and those produced using the Collisiehutizer are denoted by prefix
“C”. Experiments were also performed in the absence of theasjel drier (foreg. sample
C-H-2-ND).

Zone1 Zone?2 Zone3

—T—T—

Atomizer —>

Collection
MFC Silica-Gel | | _:L Filter

Drier

3 Zone Exhaust
Tubular Furnace

HEPA

Fiter "' C Pump

MFC : Mass flow controller

Figure 4.2: Experimental apparatus

4.2.3 Material characterization

The calcined samples were analyzed using nitrogen adsoratid desorption. The isotherms
were measured using a Quantachrome Autosorb-6B sorptiaiyzaen. Prior to the isotherm
measurements, the samples were degassed aC36¢ernight.

Powder X-ray diffraction (XRD) patterns of products obtdnwere recorded using a Bruker
D8 Discover diffractometer with a Cud<X-ray source &, = 0.154 nm).
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Scanning electron microscopy (SEM) images of samples whktaireed with a JEOL JSM
6500F microscope.

High resolution transmission electron micrographs (HREMre made using a Philips CM30T
electron microscope with a LgBilament as the electron source, operated at 300 kV. Samples
were mounted on a microgrid carbon polymer, which was fixed oapper/nickel grid.

4.3 Results and Discussion

There are several operating variables involved in the prtolo of nanostructured particles.

Hence experiments were conducted to discover the varitbles studied in more detail in the

next Chapter. The most important characteristics, suclidace area, pore volume and pore
diameter were estimated for the particles produced.

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

Table 4.1: Effect of P123/TEQOS, the type of nebulizer, ardsitica gel drier

Ref. P123/TEOCS S%.r Vi dgy Remarks
[-] [m?/g] [cm’/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 drie

Conditions kept constant:

EtOH/TEOS =30H,0/TEOS =40, HCI/TEOS = 0.0525,

T, =150°C, T, = 250°C, T3 = 350°C,

Note: * BET surface ared,total pore volume: BJH pore diameter.

By increasing the P123/TEOS ratio from 0.008 to 0.01, ons seminor increase in surface
area of 18 /g while there is a substantial increase in pore volume fro#6 @o 0.60 crvg.

It is also observed in Table 4.1 that the particles producki tive Collison nebulizer have a
slightly higher surface area compared to those synthesizied the TSI atomizer, even though
the difference in pore volume is small. An additional expemnt performed in the absence of
the silica gel drier resulted in particles with nearly thenseBET surface area of 290%g, but
with an increase in the BJH pore size to 12.8 nm. The Collisomeer was used in subsequent
experiments, because of its simple construction and bedtean be easily cleaned, in contrast
to the TSI atomizer.

The effect of the furnace temperature on the textural pt@sewas also studied. The furnace
is divided into three zones, and temperatures were adjastethown in Table 4.277 stands
for the temperature in the first or initial zon&; for that in the middle zone and; for the
temperature in the final zone of the furnace.

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

Ref. Ti 15 T3 SBET Vi dpsy Remarks

[°C] [°C] [°C] [m?g] [cm’/g] [nm]
C-H-3-ND 80 90 100 85 0.14 7.3  Collison atomizer without drie
C-H-4-ND 50 150 250 269 0.56 11.2 Collison atomizer withougd
C-H-2-ND 150 250 350 290 0.70 12.8 Collison atomizer withdrwr

Conditions kept constant:
P123/TEOS = 0.01H,O/TEOS = 40, EtOH/TEOS = 30, HCI/TEOS = 0.0525.

Volume [a.u.]

00 02 04 06 08 10
Relative pressure, P/P_ [-]

0.15
—o—T-P-3
1| —o—T-H-1
—A—T-H-2
 0.10{| —o— C-H-1
& —&— C-H-2-ND
[
3
S
3 0.051
>
©
00 E—
0.1 1

Pore diameter [nm]
Figure 4.3: (a) N adsorption/desorption isotherms, and (b) pore size Higions of samples

(obtained by applying the BJH model to the adsorption brari¢he isotherm)

upon increasing the temperature in the furnace.
Figure 4.3 shows th&, adsorption/desorption isotherms and the corresponding size dis-
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tributions of the synthesized materials, estimated usiigBJH method on the adsorption
isotherms. The solutions prepared using a strong acid (k@l}o particles with nitrogen
adsorption isotherms of type IV with a large hysteresis petyd1 [11]. The hysteresis in the
isotherms is typical of non-cylindrical pore systems withoae opening that is smaller than the
inner diameter of the pore [12]. An experiment performedhwitweak acidi{;PO,, ref. no.
T-P-3) led to very low surface area silica.

E -

SEI 3.0kvV  X15,000 1 WD 3.5mm

TU Delft SEI 30KV X45000 100nm WD 35mm

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

SEM images of the powders show smooth spherical particlésarsize range of 0.05 - 1.5
um, independent of the atomizer used. Figure 4.4 shows saidld, as a representative
example. The broad distribution in particle size is due ®gblydisperse nature of the initial
droplet distribution generated by the atomizers. If dekirecould be narrowed by using other
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spraying methods, but this is not the immediate objectivisfwork.

1(100)
';'_
S,
> -
‘n
C_
3 T-H-1
£ |
T-H-2
L N T-P-3
o5 1 2 3 4 5

20 []

Figure 4.5: XRD patterns of samples T-P-3, T-H-1 and T-H-2

XRD analysis of particles generated from solutions comagiitiC] (T-H-1 and T-H-2) exhibit

a strong peak corresponding to a (100) reflection with a @isgeof 13 and 12.8 nm, respec-
tively (Figure 4.5). Hampsest al. [6] observed a similar strong (100) peak (in addition to a
weak (200) reflection) in the diffraction patterns of mesops metalSiO, particles synthe-
sized using the aerosol process. The sample prepared upnegwrsor containing phosphoric
acid (T-P-3) showed a single weak diffraction peak inditgth low degree of ordering of the
pore channels.

The internal pore structure of the particles is further ed®@ by TEM images (Figure 4.6).
The core of the spherical particles seems to consist of a Warstructure, surrounded by a
silica skin [13]. The presence of micropores in the silicenskay lead to delayed desorption
of N, at low relative pressures (see Figure 4.3a). The TEM imagamiple C-H-2-ND (Figure
4.7) shows two distinct pore structures within a single ipt The inner core consists of
disordered pores, while, at the edges, the pores seem t@hedparallel to the surface due to
the spherical nature of the particles. Should this modeldseect, core-shell, mesostructured
particles synthesized in this way might serve as excellelwety devices for controlled drug
release schemes and for encapsulation of active metal agiedps. TEM images have to be
interpreted with care: itis very difficult to ascertain tihege-dimensional structure of complex
particles from two-dimensional projections. Three-digienal TEM can be more revealing,
although, also here, the interpretation is based on thenstagction of a three-dimensional
image from two-dimensional projections. Preliminary 3DM Evideos”, in collaboration with
Ziese and Zandbergen (not shown here), display areas dfdoier, with, for the investigated
particles, locally approximately parallel, curved poradles packing the interior of the spheres,
and the outermost pores parallel to the sphere’s surface.
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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 porewere synthesized through an aerosol-
assisted process. The robust nature of this continuous@esocess can be exploited to pro-
duce hierarchical porous materials with a tunable pore otwI he present preliminary study
indicates that it is necessary to adopt a more rigorous erpeatal procedure to fully understand
the effect of the different experimental conditions on tiedral properties of the synthesized
particles. The next Chapter presents more experimentaltseand discusses the use of a sta-
tistical factorial design methodology to investigate whaombinations of variables affect the
texture.

References

1. H. Fan, F. Van Swol, Y. Lu, C. J. Brinker, J. Non-Crys. Ssl&85 (2001) 71.
2. M. T. Bore, S. B. Rathod, T. L. Ward, A. B. Datye, Langmuir(2803) 256.



42 CHAPTER 4. STUDIES ON NANOPOROUS SILICA SYNTHESIS

3. C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, JB8ck, Nature 359 (1992)
710.

4. D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson, EClinleka, G. D. Stucky,
Science 279 (1998) 548.
5. Y. Lu, H. Fan, A. Stump, T. L. Ward, T. Rieker, C. J. Brinkigture 398 (1999) 223.
6. J. E. Hampsey, S. Aresnault, Q. Hu, Y. Lu, Chem. Mater. DD%2 2475.
7. N. Baccile, D. Grosso, C. Sanchez, J. Mater. Chem. 13 (280R1.
8. Y. Lu, H. Fan, N. Doke, A. D. Loy, R. A. Assink, D. A. LaVan, Q. Brinker, J. Am.
Chem Soc. 122 (2000) 5258.
9. C. J. Brinker, Y. Lu, A. Sellinger, H. Fan, Adv. Mater. 110@0) 579.
10. M. T. Bore, R. F. Marzke, T. L. Ward, A. K. Datye, J. Matehdn. 15 (2005) 5022.
11. M. Kruk, M. Jaroniec, Chem. Mater. 13 (2001) 3169.
12. P. I. Ravikovitch, A. V. Neimark, Langmuir 18 (2002) 9830
13. H. Fan, F. Van Swol, Y. Lu, C. J. Brinker, J. Non-Crys. 8sl285 (2001) 71.



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 rang&%0 nm have attracted great
interest among the scientific community, owing to their ptied applications in catalysis, ad-
sorption, chromatographic and membrane separation,atmttidrug release, and optics. Vinu
et al. [3] have recently reviewed new methods for the synthesiseaf families of nanostruc-
tured materials. Ordered mesoporous materials with wedflhdd pore sizes, such as MCM-41
[4] and SBA-15 [5,6], are typically synthesized via selsasbly of cationic or non-ionic sur-
factants and oligomeric silica under batch conditions. plozess is usually conducted over a
period of several days to obtain a high degree of order in tia iinorganic framework.

An alternate, rapid synthesis approach, namely aerosadtad evaporation-induced self-
assembly (EISA), was introduced by letial. to produce mesostructured particles within a
process time of only a few seconds [7]. This approach has bsed to synthesize spherical
particles with well-ordered mesopores in a hexagonal ,c;@nd vesicular topology, using dif-
ferent structure directing agents as templates [8-10]. Arbeess is continuous and scalable,
and the product particle size distribution can be contdotig tuning the operating conditions.
This aerosol scheme generates precursor droplets witle @sgeveral micrometers, each with
an identical composition, making this approach partidylattractive for the uniform incorpo-
ration of active metal species (e.g. Al, Zr) in the silicanfi@vork [7,11] or deposited in the
form of nanopatrticles in the mesoporous silica pore strecfli2]. Another advantage is the
ability to easily synthesize spherical particles. Brin&ed co-workers [13] utilized this aerosol
method to demonstrate the rapid synthesis of continuousostreictured thin films with easily

This chapter is based on the following publications:
R. Pitchumani, A. Schmidt-Ott, M.-O. Coppens, J. Nanoseindtech. (2008(accepted).

43



44 CHAPTER 5. STATISTICS-AIDED OPTIMAL DESIGN

controllable mesostructures on large-scale planar anepteorar substrates as compared with
the dip-coating or spin-coating processes. Baral. [14] used spherical mesoporous silica
particles prepared by EISA as templates to form Pt nanowinéable for gas phase catalytic
reactions.

The sol-gel synthesis of SBA-15 involves the use of a trecklocopolymer, P123
(EO,,PO,,EO,,) as atemplate. P123 is a non-ionic surfactant, consisfibtpoks of ethylene
oxide (EO) and propylene oxide (PO). This surfactant forgimdrical micelles, which act as
a template. Apart from the fact that SBA-15 can be synthdsize variety of morphologies
[15-19], it has special features such as tunable large noesspand relatively high hydrother-
mal stability [20] owing to thick pore walls, making it pastilarly attractive as heterogeneous
catalyst support [21]. Hence, we selected this templatedompresent experiments. However,
despite the attractiveness of the EISA method to generasestractured silicas using P123 as
the structuring agent, systematic studies on the effectxpérimental conditions are lacking.
Conventional studies typically involve varying a singlegraeter, keeping all other conditions
constant. Such a methodology, however, requires a largdauai experimental trials, since
SO0 many experimental parameters could be varied. For exangpinvestigate a system with 4
experimental parameters each at 4 conditions requires-259 éxperiments. Observed trends
in product properties resulting from an arbitrary or poarhosen subset of these conditions
could be misinterpreted as a general variation over thesarange of conditions. This problem
can be overcome by using a factorial experimental desigondwct the experiments [22,23].
A 2-level, 4-parameter factorial design requires only 1&tFexperimental trials, and these
data could be effectively processed using appropriatesstai procedures to derive useful in-
formation, such as identifying the important variabledwespect to a particular property, and
the sensitivity of the property to those variables. Tagla#& al. [24] employed a factorial
design strategy with a stepwise linear discriminant analis investigate the effect of seven
variables on the formation of MFI zeolite. They identifiee tBiO; : Al,O; ratio as the most
influential synthesis variable. A factorial design methody has also been applied to study
the alcoholysis transformation promoted by cutinase on Redite, involving a large number
of parameters, such as temperature, buffer molarity, pHh@feihzyme solution, and alcohol
concentration, so as to determine the main effects anditiienactions [25].

In the present work, we study the synthesis of mesostrutiliea particles using P123 as the
only structure-directing agent, by employing a factoriasign methodology to determine the
significance of furnace temperature and precursor compogi123/TEOSH,O/TEQOS, and
EtOH/TEQOS ratios) on the textural properties of the prosluct

5.2 Experimental

5.2.1 Experimental apparatus

The aerosol apparatus schematically shown in Figure 5. Ligebto synthesize the mesoporous
particles. The equipment consists of three main componestsaerosol generator, a heated
tubular reactor and a collection filter.

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

A tubular furnace (VCTF-7, Vecstar Ltd.) with a heated léngf 1 m was retrofitted to be
used as an aerosol reactor. A quartz tube with 1.D. 20 mm wasctted and placed in the
centre of the tubular furnace with the help of ceramic suggpofrhe ends of the quartz tube
were interfaced with KF flanges (Hositrad B.V.) fitted withno@ctions for aerosol inlet and
exit. The KF flanges were fastened with clamps along withr@sifor a leak tight connection.

The patrticles from the aerosol were collected using a perfilter. The filter consists of a
membrane filter paper (Whatm@H) placed on a porous disk enclosed inside a metal housing.
The housing was heated with the help of a heating tape ctedrbl a temperature controller.

A constant flow in the aerosol reactor was maintained by mebasnass flow controller (MKS
Instruments) and a membrane pump at the end of the collefdtien

Infusion Pump

\H Zone 1 Zone 2 Zone 3
HI_S
—= > >
>< ——_Collection
Filter
3 Zone Exhaust
—U~ Tubular Furnace xyaus
Collison Atomizer HEPA MFC Pump
Filter

MFC : Mass flow controller

Figure 5.1: Aerosol equipment for production of mesopomilisa particles

5.2.2 Precursor preparation

The precursor solution for the aerosol experiments was osetpof a silica source, tetra-ethoxy
silane (TEOS), a non-ionic surfactant, Pluronic P123 lock copolymer EO,,PO,,EO,),
HCI, deionized water and ethanol (EtOH) at room temperatutgpical solution was prepared
by first dissolving P123 in a mixture of ethanol and water. Phkeof H,O was brought to



46 CHAPTER 5. STATISTICS-AIDED OPTIMAL DESIGN

1.2 using HCI. TEOS was subsequently added and the mixtusestuaied for 1 h at room
temperature to obtain a homogeneous solution.

5.2.3 Experimental procedure

A sufficient amount of precursor solution was transferrethtoglass jar of the Collison atom-
izer, such that the nozzle was partially immersed withowtlzting the jet formation. The
remaining liquid was transferred to a 50 ml syringe and manehe infusion pump. Nitrogen
as a carrier gas at 1.0 barg was passed into the Collison zoniThe flow rate of aerosol
through the heated aerosol reactor was maintained at 2i9 l/smg the mass flow controller.
The excess aerosol from the atomizer was collected in arsaleirap before releasing it into
the fumehood. The precursor liquid was fed to the atomiz8bal/h by adjusting the speed of
the syringe pump. The synthesized particulate aerosangalie aerosol reactor was collected
on the membrane filter heated to 8D. The powders collected on the filter were calcined at 425
°C for 3 h at a heating rate of°C/min to remove the organic template.

5.2.4 Factorial design of experiments

The experimental conditions were obtained by using é2torial design containing 2 levels
and 4 variables (experimental parameters or factors) [Piéjee variables describe the precur-
sor composition, expressed as molar ratios with respecE©S (P123/TEOSH,O/TEQS,
EtOH/TEQS), and the fourth one is the maximum furnace teatpez setpointl). The values
of these variables are assigned to levels. The actual vafubge experimental parameters are
given in Table 5.1. The fractional factorial design of expants involves the combination of
these variables at different levels, and is given in Tal?e Bhe first 16 experiments involving
levels -1 and +1 were used for the determination of the sigamfivariables.

Table 5.1: Experimental conditions

Levels Factors
P123/TEOS, T, H,O/TEOS, EtOH/TEQOS,
7y [] 2 [°C] 3 [] 74 []
-1 0.0095 120 10.1 4.4
+1 0.018 310 34.9 25.6
V2 0.0078 80 5 0
V2 0.02 350 40 30
0 0.01375 215 22.5 15

The levels of the different factors were selected on thesbaispublished literature. A value
of 0.0095 for the P123/TEOS ratio was typically used to abtaiform mesopores using the
aerosol scheme [7]. A much higher P123/TEOS would increlasgore volume. This led
us to choose the maximum value of P123/TEOS as 0.018. Bastcdle [8] showed that a
maximum furnace temperature of 350 led to ordered mesoporous silica particles. Higher
temperatures led to a reduction in structural order. Adddlly, a composition of TEOS :
surfactant :H,O : EtOH =1 : = : 40 : 30, wherer ranged from 0.0035 to 0.35, was used
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Table 5.2: Fractional factorial design for the four expesmtal variables, and the corresponding
BET surface areas and pore volumes of the products obtained

S.No. P123/TECS, T, H,O/TEOS, EtOH/TEQOS, Sprr Vi

1 [1] x [°C] 5[] 24 [1] [m?/g] [cm®/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 surfactantsH®wever, the effect of using a lower
relative water or ethanol content or a combination thensa not discussed. The present study
attempts to investigate these effects.

5.2.5 Material characterization

The calcined samples were analyzed using a Quantachrom&d¥a#h-6B sorption analyzer to
determine the nitrogen adsorption/desorption isothetrii &. The samples were degassed at
100°C prior to the measurements. The BET surface ar8gg«) and the total pore volumes
(V;) measured for the products are given in Table 5.2.

Powder X-ray diffraction (XRD) patterns of products obtdrwere recorded using a Bruker D8
Discover diffractometer with a CudX-ray source ¢, = 0.154 nm). Scanning electron mi-
croscopy (SEM) images of samples were obtained with a JEGLGEROF microscope. High-

resolution transmission electron micrographs (HRTEM)everade using a Philips CM30T
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electron microscope with a LaBilament as the electron source, operated at 300 kV. Samples
were mounted on a TEM grid consisting of a copper/nickel suigl carbon polymer film.

5.3 Results and Discussion

5.3.1 Estimation of significant variables
Effect of variables on BET surface area §zg7)

A rigorous statistical analysis was carried out to deteentire significant variables by following
the procedures laid down by Yates as described in the bookdsyeBal. [22] and Daniels
[27]. These methods allow analysis of experimental datdhénabsence of replicated runs.
The first step involved the use of Yates’s algorithm [22] técukate the effects of different
factors/variables and their interactions (2, 3 and 4 fagton the BET surface ared{gr) of
the products. The termffect refers to the influence of a variable in question on the depeid
variable (here bein§z ) over all the conditions of the other variables. More litgtat is the
difference between the average value of the respatisg;{ 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 giweifable 5.2 are retabulated in a
standard order, such that the column ¢ = 1, 2, 3, 4) alternatingly consists af*~! times—1,
followed by 2*~! times+1, as shown in Table 5.3.

Table 5.3: Calculation of Yates’s algorithm f8g g1

S.No. Exp. Divisor Effect
No. x1 2o 23 x4 Y [x1] [x2] [xs] [x4] Estimate  Typé

1 6 -1 -1 -1 -1 309 696 1514 2870 5996 16 374.75 Average
2 8 +1 -1 -1 -1 387 818 1356 3126 616 77 1
3 12 -1 +1 -1 -1 379 636 1698 228 330 41.25 2
4 4 +1 +1 -1 -1 439 720 1428 388 -222 -27.75 12
5 14 -1 -1 +1 -1 290 805 138 206 -428 -53.5 3
6 6 +1 -1 +1 -1 346 893 90 124  -144 -18 13
7 10 -1 +1 +1 -1 343 696 242 -40 -90 -11.25 23
8
9 5 -1 -1 -1 +1 322 78 122 -158 256 32 4

10 7 +1 -1 -1 +1 483 60 84 -270 160
11 11 -1 +1 -1 +1 406 56 88 -48 -82
12 3 +1 +1 -1 +1 487 34 36 -96  -142

20 14
-10.25 24

8
8
8
8
8
8
2 +1 +1 +1 -1 377 732 146 -182 -26 8 -3.25 123
8
8
8
8 -17.75 124
8
8
8

13 13 -1 -1 +1 +1 286 161 -18 -38 -112 -14 34
14 5 +1 -1 +1 +1 410 81 -22 -52 -48 -6 134
15 9 -1 +1 +1 +1 355 124 -80 -4 -14 -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 variables, z,, 3 andz, respectively.

A series of operations are performed on the dependent V\aridhrr = y) to estimate the
effects of the different experimental parameters. The8iesttries in columni;] are obtained
by adding the successive pairs of values in columRor example, the first 2 entries in column
[x,] are obtained a809 + 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 bottomber of each pair. Thus:
387 — 309 = 78, and439 — 379 = 60, and so on. Using the same procedure, columhip
obtained from columni];], column [z3] from column [z-] and finally column 4] from column
[z3]. This can also be expressed mathematically, as follows:

[21)) = [2p 1) + [z ]* ™t (=1.8,i=1.8k=1.4) (5.1)

(1] = [zpa]® = [ ®™ (j=9..16,i = 1.8,k = 1..4) (5.2)

where[z; )7 ot is the j** or i*" row element of ther;, column andz,] = y

The estimate of different effects is obtained by dividing #imtries in columna|,] by values
given under the columdivisors. The first entry of the estimate corresponds to the granchgeer
of all observations. The remaining estimate of the effeotsesponds to single and multiple
factor (interaction) effects. The type of effect can be td&d by locating the 41" entries

in the design matrix (columns correspondingitQ x2, x3 andz,). There are fifteen effects
in all, comprising four main effects (corresponding to 132and 4), six 2-factor interactions
(12, 13, 14, 23, 24 and 34), four 3-factor interactions (1123}, 134 and 234) and one 4-factor
interaction (1234). The main effect of, for example, 1 (RTEDS) refers to the effect of
P123/TEOS orbpgr over all the conditions of the other variables 2, 3 and 4. Tdlaesof the
effect gives an indication of the extent of the influence effdrctor(s) on the dependent variable,
while the sign (-/+) indicates a positive or negative infloenHowever, it would be premature
to conclude which of the effects are significant, solely anlthsis of their magnitude, because
experimental errors have not been accounted for yet.

This problem can be overcome by applying Daniel’s techn[gugto determine the significant
effects in the absence of duplicate observations. Thisiiqok is based on the use of normal
probability plots. Suppose, the data had occurred as at r@s@ndom variation about a fixed
mean, and changes in the levels of the variables had no feal eh theSzr; of the prod-
ucts, then the effects of the main variables and their iotemas would be roughly normally
distributed about zero, and would therefore fall on a shige on a normal probability paper.
The effects that deviate from the straight line are thenidensed to be the significant ones.

The effects obtained in Table 5.3 are sorted in ascendingr @i)con the basis of their estimates
as shown in Table 5.4. The percentage probabilty 6f the occurrence of thé" effect is
calculated using, = 100(i —1/2)/mfori = 1, 2, ...m, wherem is the total number of effects.

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

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

It can also been seen from Figure 5.2 that P123/TED&nd EtOH/TEOS have a positive
effect onSp g7, while H,O/TEOS has a negative effect 6i3 ;- on the basis of the sign of their
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Table 5.4: The 15 ordered effects and the probability poiits

Order Effects P,
no.: 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

.

P [%]

1-P123/TEOS| . 1
2-T[I°cy | |
3 - H,O/TEOS
4 - EtOH/TEOS| -

Effect
Figure 5.2: Normal probability plot of effects of differefaictors onSzer

estimates. In other words, increasing P123/TEDS&nd EtOH/TEOS leads to an increase in
surface area. On the other hand, increa$in@/TEOS leads to a decreaseSpgr. If we had
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to choose the two most significant main effects, they woul®b23/TEOS andll,O/TEOS.

The two-factor interaction represented by P123/TEOQO&tOH/TEOS also deviates from the
straight line, hence is significant. This interaction candygesented using the two-way table
illustrated in Figure 5.3. The bottom axis corresponds tdIPIEOS with their values (0.0095
and 0.018) representing the end points, while the vertiialr@presents EtOH/TEOS with the
corresponding values (4.4 and 25.6). The values 330, 387 aBd 439 are obtained at the
particular value of P123/TEOS and EtOH/TEOS averaged @xald of other variables. For
example, the value of 330 is obtained by averaging the valtig g, at P123/TEOS=0.0095
and EtOH/TEOS=4.4 over the various levels/odndH,O/TEOS.

(+1)25.6 342 439
)
o)
LLl
=
=X
o
LLl
><¢r
(-1)4.4 330 387
0.0095 x,, P123/TEOS [-] 0.018
(-1) (+1)

Figure 5.3: Two-way table highlighting the P123/TEQIEtOH/TEOS interaction o8z gr

Generally, high P123/TEOS ratios lead to higlhzr values. The interaction between
P123/TEOS and EtOH/TEOS occurs because, at high P123/T&O8¢rease in EtOH/TEOS
leads to an increase itz While, at low P123/TEOS, the increaseSn g is comparatively
much lower. This also demonstrates that the effect of Et®&&F onSgxr is subject to the
P123/TEOS used in the experiment, and one would obseneeliff extents of variation in sur-
face area. Such an analysis allows us to investigate trenelsperimental data that are easily
missed or overlooked when using the conventional form okdrpentation, where the effect
of a single variable (keeping other variables constantjudied, and one is often tempted to
accept this as a global variation.

Effect of variables on total pore volume {;)

The statistical analysis reported in the previous sectiars aiso performed to determine the
significant variables with respect to the total pore volurhéhe products. The effects of dif-
ferent variables calculated using Yates's algorithm abeltted in Table 5.5. Daniel's method
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was again applied to determine the significant effects, baddorresponding normal probability
plot is shown in Figure 5.4.

Table 5.5: Daniel’'s technique using normal probabilitytplo

Order no. Effects P
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
6
7
8

-0.023 12 30.0
-0.02 34 36.7
-0.02 123 433
-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/TEDSH,O/TEOS, EtOH/TEQOS)

is significant. The effects df' and EtOH/TEQOS are positive, indicating that increasingé¢he
variables will result in an increase in pore volume. P1238andH,O/TEOS, on the other

hand, are observed to have a lowering effect on pore volume.

Additionally, there is significant interaction between BIMEOS and EtOH/TEOS. Since the
effectsT” x EtOH/TEOS andl’ x H,O/TEOS x EtOH/TEOS have magnitudes close to
zero, they can be neglected. There is significant three-wiydction between P123/TEOS,
H,O/TEOS and EtOH/TEOQOS, denoted as P123/TEOH,O/TEOS x EtOH/TEOS. Further-
more, on the basis of the effects’ magnitudes, the two magstifgtant variables ard and
EtOH/TEQS, which lie farthest away from the straight line.

5.3.2 Effect of experimental parameters on the BET surfaceraa (Szgr)
A multi-variable regression analysis on the experimenéhdvas performed to relate; g1

with the independent variables, using the following quadrequation with interaction terms:

SBET = Qo + a171 + asT2 + asxs + agx4+
2 2 2 2
a11x] + a22x5 + a33T; + Qg4+ (5.3)

1212 + A13T1T3 + A23T2T3 + G24T2T4 + A34T374

where,z;, =5, x5 andz, are the experimental variables, amd(i = 1..4), a;; (j = 1..4) and
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Figure 5.4: Normal probability plot for effects of differeiactors onV/;

a; (i = 1..3,j =i+ 1..4) are the corresponding coefficients. The regression wasnoesetl
using a statistical software, NC8Sto determine the values of the coefficients. The corratatio
coefficient, R%, was 0.954. The values of the coefficients were substitutéghjuation (5.3),
resulting in:

Sper = 454.44 — 25059.2321 4 0.928z, — 12.71x5 — 3.1624
+ 152401727 — 1.17 x 10~ %23 + 0.32223 + 0.12227
— 34.36x,19 — 170.7821x5 + 221.98z124 — 4.78 x 10 32924
—5.09 x 1029wy — 5.32 x 10 22314

(5.4)

Furthermore, Equation (5.4) could be further simplified bgsitutingr, (P123/TEOS) =0.018
andz; (P123/TEOS) = 0.0095 to obtain Equation (5.5) and (5.6 peesvely. This equation
was used to prediciz g1 as a function of different experimental conditions.

Forz, =0.018

SBE‘T =497.17 + 0311‘2 — 15781‘3 + 0831‘4
— 1.17 x 1023 + 0.32223 + 0.1222] (5.5)
—4.78 x 1032923 — 5.09 X 10 329my — 5.32 X 10 %2324
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Forz; = 0.0095

Sper = 353.92 + 0.601629 — 14.3323 — 1.0524
— 1.17 x 10~ %23 + 0.32223 + 0.12277 (5.6)
—4.78 x 1032923 — 5.09 X 10 329xy — 5.32 X 10 %2324

A code (see APPENDIX-B) developed in MATLAB7.3.0 (R2006b) uses a fine mesh grid
consisting of the range of values of the independent vasadllong with the above equations to
generate contours &fzgr.

40 T T T T T T
/35 \40 )
35
30f .
i
& 25t :
o 350
L
=
O, 20} 5
I
\5 450
15F 20 4
Lo a\/ oo/
10f .
\_HS
5 L L L L L L
0.008 0.01 0.012 0.014 0.016 0.018 0.02

P123/TEOS [-]

Figure 5.5: Effect of P123/TEOS and,&@/TEOS on BET surface area at EtOH/TEOS = 25.6
and7 = 310°C

Effect of P123/TEOS on the surface area

Equation (5.4) was used to calculate the BET surface aréa=aB810°C and EtOH/TEQOS =
25.6 for different values of P123/TEOS aHJO/TEOS. The resulting contours are plotted in
Figure 5.5 to illustrate the effect of P123/TEOS ahd)/TEOS on the BET surface area.

It is observed from Figure 5.5 that the contours are ellgdticAt H,O/TEOS = 20,Sggr
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Figure 5.6: Effect of HO/TEOS and EtOH/TEOS on BET surface area at P123/TEOS =5.009
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Figure 5.7: Effect ofl’ and HO/TEOS on BET surface area at P123/TEOS = 0.0095 and

EtOH/TEOS = 25.6

increases from 350 to nearly 45C*fg with an increase in P123/TEOS from 0.016 to 0.02.
The contours reveal the possibility to achieve the sameaserarea using distinctly different
combinations of P123/TEOS aityO/TEOS. For instance§zpr = 350 nt/g could be achieved
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Figure 5.8: Effect ofl" and EtOH/TEOS on BET surface area at P123/TEOS = 0.0095 and
H,O/TEOS =10.1

at P123/TEOS = 0.01 arid, O/TEOS values of both 16 and 37. This surface area could also be
achieved at an intermediate valuetbfO/TEOS = 25, by increasing the P123/TEQOS ratio close
to 0.0163.

From these contour plots, we expect that surface areas @ssxf 400 rf¥g could be obtained
over the entire range of P123/TEOS, #&yO/TEOS< 10.

Effect of H,O /TEOS on surface area

It is observed from Figure 5.5 that, at P123/TEOS = 0.0845;r decreases with an increase
in H,O/TEOS from 5 to 18, while a marginal increaseSpgr for H,O/TEOS greater than 35
could be predicted. Calculations were carried out usingaiqn (5.6) and the results are pre-
sented in the form of the contours shown in Figure 5.6 anditcan be inferred from Figure 5.6
that at constant EtOH/TEOS, and from Figure 5.7 that at eoi$émperature, the surface area
is significantly lower with increasingl, O/TEOS. At an intermediate value of EtOH/TEOS =
15, surface area monotonically decreases from 449 to 320 ni/g, by increasingl, O/TEOS

till 20, beyond which there is a slight rise in surface areethe range investigatdd, O/TEOS
seems to have a predominantly negative influence on thecsuai@a. This was also shown
from the statistical analysis, whele O/TEOS was determined to be a significant variable with
a net negative estimate of its effect on the BET surface aifser mainly serves as a solvent
for dissolving P123 (in addition to EtOH), and the HCI preserthe water might be responsible
for the effect on the surface area, insteadig® itself.

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

Equation (5.6) is used to study the effect of EtOH/TEOS @&nhdn surface area at constant
P123/TEOS = 0.0095 and,O/TEOS =10.1. Contours of constant surface area are shown in
Figure 5.8 for different combinations @f and EtOH/TEOS.

It is seen from Figure 5.8 that at constdntand from Figure 5.6 at constait O/TEOS, varia-
tion of EtOH/TEOS does not have any significant influence erstirface area. At EtOH/TEOS
=10, one sees an increase in surface area from 2§t 400 n?/g over the entire tempera-
ture range. It should be possible to achieve a surface ar@@0ofit/g at low EtOH/TEOS of 5
and7 = 250°C.

From Figure 5.8, it can be inferred that the same surfacearela also be obtained at much
higher EtOH/TEOS of 25 and with a lower temperature of 200Additionally, surface areas
in excess of 400 #ig could be achieved at temperatures higher tharr250

Effect of temperature on surface area

Contour plots are drawn based on Equation (5.6), and arershowigure 5.7 and 5.8. The
contours of Figure 5.7 reveal that at constHRO/TEQOS, there is not much variation in BET
surface area with temperatufg, At H,O/TEOS = 25, there is an increase of only 6&/gnin
spite of increasing the temperature by more than 20D0The variation in surface area is less
apparent at loweH,O/TEOS values. At T = 200C, an increase itl,O/TEOS from 5 till
25 leads to a decrease in surface area from 48@ il 280 m?/g, and a further increase in
H,O/TEOS only slightly increases the BET area. Surface areaxéess of 400 Aig could,
however, be achieved for loi¥,O/TEOS< 10 andI’ > 100°C. Itis also observed from Figure
5.8 that temperature is less significant compared to thetsftd P123/TEOS anH,O/TEOS,
which are more significant than EtOH/TEOS within the studgetge.

5.3.3 Effect of experimental parameters on total pore volura (V;)

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

Vi = bg + biz1 + by + bsws + byxs+
blll'% + bggl’% + bggl‘% + b44l‘i+ (57)

bio172 + bi3x123 + bazwows + basToxy + b3ax3x4

The regression correlation coefficiert?, in this case was 0.934. The estimated coefficients
were substituted in Equation (5.7) to obtain:
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V, = 0.239 4 68.3921 + 0.00279x5 + 0.00721z3 + 0.00302z4
— 2567.5327 — 3.58 x 107%23 — 7.3 x 10~ %23 — 1.69 x 10~ 2]
—0.0279z,75 — 0.237z 125 + 0.4992124 — 7.43 x 10 %2925
+1.24 x 10 %2924 — 7.61 x 10" °z324

(5.8)

Equation (5.8) was further substituted with (P123/TEOS) = 0.018 and;, (P123/TEQOS) =
0.0095 to obtain Equation (5.9) and (5.10) respectivelyréaligt the effect of the experimental
parameters on the total pore volume of the synthesized ptedu

Vi = 0.638 4+ 0.0023z5 + 0.0029z5 + 0.012x,4
—3.58 x 107%22 — 7.3 x 10 %23 — 1.69 x 1023 (5.9)
— 743 x 10 %2923 + 1.24 x 10 2924 — 7.61 x 10 223124

V, = 0.657 + 0.00252z5 4+ 4.95 x 10325 + 7.76 x 10 32,4
—3.58 x 107%22 — 7.3 x 107°2% — 1.69 x 1022 (5.10)
— 743 x 10 %2923 + 1.24 x 10 %29z, — 7.61 x 10 w324

Similar to the BET surface area, the trends were represémtée 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, apolesl from statistical analysis, are
P123/TEOS and T. Hence, calculations were made using Equéii8) to estimate various
combinations of P123/TEOS and T at a constant pore voluntethenresults 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 aniellipthape. Within the range of
the variables studied, the pore volumes from 0.5/gntill 0.75 cn¥/g can be obtained. No
large variations in pore volume with P123/TEOS are obserndddl’ = 300°C, it is possible

to achieve the sami = 0.7 cn¥/g at P123/TEOS = 0.009 and 0.018. Pore volumes as high as
0.75 cni/g could, however, be obtained in a narrow range of P123/Tk{D§ between 0.0127
and 0.016 and af' > 275 °C .

Effect of H,O /TEOS on pore volume

Equation (5.10) was used to estimate the influendé,0f/ TEOS andl" on the total pore volume
at fixed P123/TEOS = 0.0095 and EtOH/TEOS = 25.6, and thetsestithese computations
are represented as contours in Figure 5.10.

Again the contours are parts of ellipses. Compared to testynex,H,O/TEOS has a marginal
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Figure 5.10: Contours df; as a function ofl’ and HO/TEOS at P123/TEOS = 0.0095 and
EtOH/TEQOS = 25.6

effect on the pore volume. Itis possible to achieve poremasiof 0.65 cr/g at a considerably
high temperature of 300C andH,O/TEOS = 35. However, the same pore volume can be
obtained at low temperatures close to 2@0by decreasing thH,O/TEOS to 15.

This in a way reflects the fact that a lower temperature is@efft to evaporate droplets with
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Figure 5.12: Contours df; as a function ofl’ and EtOH/TEOS at P123/TEOS = 0.0095 and
H,O/TEOS =10.1

lower water content. In order to ensure a high pore voluméenfinal particles, it is recom-
mended to keep a o, O/TEOS ratio.
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Table 5.6: Prediction of total pore volume and BET surfaeaar
P123/TEOS, T, H,OITEOS, EtOH/TEOS, Sper [m?/g] V; [cm3/g]

x1 [] x9 [°C] 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 0 298 292 059 0.58

Effect of EtOH/TEOS on pore volume

The contours shown in Figure 5.11 represent the effect ofatans of H,O/TEOS and
EtOH/TEOS on the total pore volume at fixed conditions of FIE®S = 0.0095 and tem-
perature,l’ = 310°C, on the basis of Equation (5.10). Figure 5.11 indicatesttiexe is no
significant effect of EtOH/TEOS and,O/TEOS on the pore volume at these conditions. We
also observe that at EtOH/TEOS = 20, the total pore volumeedses from 0.70 chfg to
0.62 cni/g with increase irfl,O/TEOS. On the other hand, at Iad,O/TEOS=10, increasing
EtOH/TEOS results in an increase in pore volume till 0.76/gm

Effect of temperature (T) on pore volume

Figure 5.9 indicates that, in general, for a constant P1IR23/43,V; increases with increased

It is also possible to achieve a pore volume close to 0.7gwat a lower temperature of 20C
for P123/TEOS = 0.014. At much lower temperatures,ffog. 150°C, one could synthesize
particles with pore volumes close to 0.6 ¥mfor P123/TEOS> 0.01.

It is observed from Figure 5.9 that the temperature coulddssl uo control the pore volume
more significantly. This is in agreement with the statidtarzalysis, which identified tempera-
ture to have the most significant positive effect on the potame.

Equation (5.10) was used to generate contours (shown ind-g2) at P123/TEOS = 0.0095
andH,O/TEOS = 10.1 to illustrate the variation of pore volume sitankously with tempera-
ture,T', and EtOH/TEOS. The contours are elliptical. At EtOH/TEO$5:V; increases from
0.50 till 0.70 cni/g when increasing’ from 100 till 280°C. It is possible to achieve the same
pore volume using different combinations of EtOH/TEOS &nd|t is evident from Figure
5.12 that temperature has a much more pronounced effeciequotie volume as compared to
EtOH/TEQOS. Here again, at these conditions, in order toeweha high pore volume of around
0.7 cni¥/g, it is essential to use a high temperature, though thisdcbe achieved at a low
EtOH/TEOS of around 10.

The correlations relating the BET surface area and the pota volume with the experimental
parameters (Equations (5.4) and (5.8), respectively) ested by comparing the predictions
using additional experimental datapoints. The resulthefdredictions are given in Table 5.6.
It is clearly seen that there is not much deviation betweerettperimental and the predicted
values, hence the conclusion that the correlations can ée taspredict the properties of the
materials 6z andV;) within the range of experimental conditions studied.
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5.3.4 Nitrogen adsorption/desorption isotherms and poreise distribu-
tions

The nitrogen adsorption/desorption isotherms were obéthior all calcined products. The
corresponding pore size distribution was obtained by apglthe BJH model to the adsorption
branch of the isotherm. It was observed by comparing all tritions that the P123/TEOS
ratio had the most significant effect on the shape of the &ath
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Figure 5.13: (a) Nitrogen adsorption/desorption isotteramd (b) pore size distribution, based
on the adsorption isotherm, of products obtained at cohstanditions of P123/TEOS =
0.018,7 = 310°C, EtOH/TEOS = 25.6 (isotherms and pore size distributiomesponding
to H,O/TEOS = 10.1 are offset by 200 éfg and 0.3 crivg respectively for clarity)

Figure 5.13 shows typical adsorption/desorption isotlseamd the pore size distribution of
products obtained for a high P123/TEOS ratio of 0.018. Wentesthat the isotherms are type
IV with H1 hysteresis [28], and there is a gradual uptake tbgen at high relative pressures,
indicating a non-uniform pore distribution. This is confethby the relatively broad pore size
distribution (Figure 5.13b) centered at a large pore sizr@find 20 nm. Furthermore, we also
see that nitrogen gradually desorbs from a relative pressiase to 1.0, while, around R/P
= 0.5, there is a sharp, rapid desorption, beyond which tlsergéon branch coincides with
the adsorption branch. This suggests the presence of ittle-lpores, with narrow entrances
leading to much broader pores.

At high P123/TEOS ratio, the non-uniformity of the pore gystmplies that there is no ordered
arrangement of pores. This is clearly seen from the absensleanp diffraction peaks in the
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Figure 5.14: (a) X-ray diffraction patterns, (b) and (c) THfMages of calcined products syn-
thesized with P123/TEOS = 0.01B,= 310°C, EtOH/TEOS = 25.6 and ¥D/TEOS = (b) 34.9,
and (c) 10.1

XRD patterns of the calcined samples shown in Figure 5.14a.peaks appearing close 6 2
= 0.5 are artificial, as a result of scattering of the X-rays at tharb stop of the diffractometer,
corresponding to the detection limit of the instrument.
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High-resolution transmission electron micrographs ofghgicles shown in Figure 5.14 b and
c give further insight into the pore structure. We can seeqhgicles synthesized at different
H,O/TEOS ratios of 10.1 and 34.9 show a similar pore structuhe Jarticles contain lamella
with a non-uniform layer-to-layer distance.

The spacing between these layers composed of microporbics sorresponds to the non-
uniform pore distribution seen from th¢, adsorption measurements. In some particles, we
also see a spiral layer extending near the surface, and #texcting to a few layers inside,
taking a form akin to the petals of a flower. These layeredctires seem to occur as a result
of scaffolding of the surfactant molecules. A high P123/8=@tio favors aggregation of the
block copolymer micelles, forming layers, and silica comgks around them to form a lamellar

pore network.
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Figure 5.15: (a) Nitrogen adsorption/desorption isotteramd (b) pore size distribution, based
on the adsorption isotherm, of products obtained at cohstanditions of P123/TEOS =
0.0095,7 = 120°C, H,O/TEOS = 10.1 (isotherms and pore size distribution cooerdmg

to EtOH/TEOS = 4.4 are offset by 200 éfg and 1.0 crig respectively for clarity)

Figure 5.15 a and b show the nitrogen adsorption/desorg@otherms, and the pore size distri-
butions of calcined silica particles synthesized usingragarably lower P123/TEOS = 0.0095.
Here, we also observe a typical type IV isotherm with type k4téresis loop, though marked
by a sharp uptake in nitrogen at a higher relative pressutieating a uniform pore size. By
applying the BJH model to the adsorption branch of the igotheve obtain a pore size dis-
tribution centered around 10 nm. It must be noted that tha¢ments performed at all other
conditions of7’, H,O/TEOS and EtOH/TEOS resulted in similar isotherms and pize dis-
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Figure 5.16: (a) X-ray diffraction patterns, (b) and (c) THfages of calcined products syn-
thesized with P123/TEOS =0.0098~ 120°C, H,O/TEOS =10.1 and EtOH/TEQOS = (b) 25.6,

and (c) 4.4

tribution. The only exception was observed for= 120°C, H,O/TEOS = 34.9, EtOH/TEOS
= 25.6, which resulted in a slightly wider pore size of 11 nme ¥¥so observe that nitrogen
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desorbs at a relative pressure close to 0.5, which sugdesizrésence of an ink-bottle pore
structure, with small pores forming the entrance to thermogosity consisting of uniformly
sized large pores.

X-ray diffraction patterns of these particles are showniguFe 5.16 a. They exhibit a sharp,
intense diffraction peak indexed to the (100) plane, fodavby a weak (200) reflection, while

the (110) peak is absent. The presence of the (100) peakicativet of good structural order

consistent with the presence of a uniform pore structure.Wéak higher order reflections refer
to the absence of long-range order.

The TEM images (Figure 5.16 b, c) of these particles revea thternal pore structure. We see
a rather complex pore arrangement within each particle.pbines are arranged in a hexagonal
manner in certain regions, while in other regions the paed to align in layers parallel to the
surface of the spherical particles. The latter is most btessaen near the particle surface. This
surface phenomenon is forcibly induced due to the sphemcaphology originating from the
droplet, and is retained throughout the evaporation psces

5.4 Conclusions

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

In the evaporation induced self-assembly of silica paticlthe variables P123/TEOS and
H,O/TEOS had the most significant effect on the BET surface afélaeoproduced particles.
Due to a significant interaction between P123/TEOS and ETGBS the effect of these vari-
ables on the surface area should be considered jointly. diti@btes T and EtOH/TEOS had the
most effect on the total pore volume of the particles. We alsgerved an interaction between
P123/TEOS and EtOH/TEQOS, which cautions us against stgdfiiects of these variables in-
dependently. A regression analysis was carried out toerd¢te experimental parameters with
the BET surface area and pore volume of the products. Thésegere represented as contours
that allowed quantification of the effects of different cgiérg conditions.

In the field of materials science, it is often encountered tihe synthesis involves fine-tuning
several experimental variables in order to achieve a dikgireduct. This is usually done by
extensive trial and error. An appropriate, statisticalyed experimental design could easily
avoid such a scenario. By using the techniques describeuisrpaiper one can identify and
narrow down to the variables, or combinations of variakilest have a significant effect on the
property of the material under scrutiny, and this with a miaim of experimental runs. This

information could be used as a basis for additional experim® improve the quality of the

material by fine-tuning these significant variables. In &ddj the empirical facts derived can
serve as a basis of understanding and modeling of a compler§s.
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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 areag polumes and well-defined pore net-
works have attracted much attention, especially in the bélkparation and catalysis of large
molecules, due to the improved accessibility of the acielsgil]. Of the class of mesoporous
materials, SBA-15, synthesized using a non-ionic surfacte123 £0,,PO,,EO,,) under
strongly acidic conditions, possesses a broader pore stzehacker pore walls as compared to
M41S [2], making them more hydrothermally stable.

We were recently able to synthesize SBA-15 with a tunablephnalpgy - free standing films,
fibers, bundles and cakes - by simply controlling the stiynate. Furthermore, these meso-
porous materials were synthesized using a weak &tj#0,, which also provides additional
acid sites in the form of P-O-Si bonds [3]. However, in thedia@ory these mesoporous materi-
als are usually synthesized in batch using the well-knovAgsbtechnique, which takes days to
obtain the final product. A novel technique termed “evaporainduced self-assembly” (EISA)
of aerosols [4-6] provides an alternative to continuoughtisesize mesoporous silica particles
by spraying droplets of the precursor solution through alartoven. The process involves the
synthesis of mesoporous silica using TEOS as a silica samdalifferent ionic or non-ionic
structure-directing agents as templates to induce pgrosite equipment used in this work
could be used to produce material amounts in the range of,rhgitever, the delicate nature
of the equipment, using a single spraying nozzle, doesw¢sgarily allow a direct step-up to

This chapter is based on the following publication:
R. Pitchumani, J. J. Heiszwolf, A. Schmidt-Ott, M.-O. CoppeAdv. Func. Mater. (200&3ubmitted)
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the industrial production scale.

Furthermore, the key drawback in scaling up most academi& wo the synthesis of meso-
porous silicas is the use of silicon alkoxides)., tetraethyl orthosilicate (TEOS), as the silica
source. First, TEOS is an expensive raw material that pteveost-effective, large-scale pro-
duction of the mesoporous materials to replace industrrathnufactured catalytic materials
like zeolites. Second, during synthesis, the silicon altexydrolyzes into silicic acid and an
alcohol. For example, ethanol released during the hydibfsSTEOS, is a flammable material
that has a wide explosion range in air (3 - 20 %). This meartsnban industrial environment,
special precautions are needed to prevent unsafe sitgatibmust be emphasized that spray
drying, in which the liquid is evaporated into a large drycigamber, is especially hazardous
if flammables are present. In general, catalyst manufagjyslants are designed to process
inorganic aqueous mixtures, and are not suited to handlenfibte materials. Because of the
above considerations, scale-up of TEOS-containing redipendustrial-scale quantities is far
from trivial.

Zeolite-Y, or ultra stabilized Y-zeolite (USY), is the maactive component of FCC catalysts.
However, due to the small pore size of the zeolite crystalctiacking of large molecules [7] is
hindered by diffusion limitations. Kortunaat al. [8] have carried out pulse field gradient NMR
measurement of n-octane in both USY crystals and spray éh@d catalyst particles. They
have shown that the diffusivity inside the microporous US$¥stals is substantially lower than
that of the FCC matrix material which includes meso- and oaares.

As a result, the use of mesoporous zeolite-like material irmgoyove the activity of FCC cata-
lysts by facilitating the transport of bulky molecules oblig feeds. In this paper we present the
synthesis of mesoporous silica/alumina materials havifj &tios corresponding to ZSM-5
and Y-zeolite.

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

Recently, Pang and Tang [10] and Moradeal. [11] have prepared mesoporous materials using
sodium silicate, which is a cheap raw material widely usedromdustrial scale. A drawback of
the use of sodium silicate is that sodium remains presemearsynthesized materials. Sodium
reduces the acidity of the material and adversely affeststédam stability. Removal of sodium
requires an ion exchange and washing unit operation, whiltlasult in increased manufac-
turing costs.

In the present work, we use stabilized silica sol as theasgmurce. Although stabilized silica
sol is somewhat more expensive than sodium silicate, ith@agey advantage that the sodium
content is typically low, thus eliminating the need for artraxunit operation. Therefore, it
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is also used by catalyst manufacturers. After the EISA ®8if) the catalyst may be used as
such. Using a triblock co-polymer (P123) as the structureeting agent, we have been able
to assemble solutions of colloidal silica, and of colloiddilca plus peptized Catapal particles
(Al,O,) into mesoporous silica and silica-aluminas. The sprayndrprocess allows continu-
ous production of these mesoporous materials, which amdftabe structurally stable under
severe steaming conditions. Furthermore, pulse probeaulel@xperiments conducted using
TiPB (tri-isopropyl benzene) and linear alkanes showedaeable activity.

6.2 Experimental

6.2.1 Materials used

Nano-sized boehmite material Catapal B (68.4 wvA%O,, 0.002 wt%Na,O, remainder is
boundedH,O, surface area 250 ty, crystal size 4.5 nm) from Sasol was used as alumina
source. Stabilized colloidal silica (30 wt$t0,, 0.6 wt%Na, O, surface area 1904y, particle
size 16 nm) was used as silica source. P123 (Sigma Aldfioh,PO,,EO,,, molar mass 5800
g/mol) was used as the structure-directing agent.

6.2.2 Solution preparation

Atypical synthesis involving the system composed of sjletamina and P1230,,PO,,EO,,)

is described. A 10 wt% solution of P123 in deionized water wsed in the experiments in-

volving the template. Catapal (68.4 wt8d,0,) was peptised to a pH around 2 usiHN O,

in water. Calculated amounts of colloidal silica were adtbethe P123 solution, and stirred at
room temperature to get a metastable solution. The pepfiagpal solution was subsequently
added and stirred well to get a homogeneous precursor. Hudsgons were then sprayed

using the Buchi spray drier.

Different solutions were prepared composed of silica sb2dand silica sol + P123 + Catapal.
Three different loadings of P123 and two differ&id, : Al,O, (7, 23.4) were used. The solid
concentration for the silica sol + P123 + Catapal system waisitained at 10 wt% while the

silica sol+P123 system varied from 17.5-25 wt%.

6.2.3 Bichi spray drier operation

The precursor suspension, prepared using the above precedas continuously stirred and
fed to the spray drier with a peristaltic pump at a feed flowe K@t160 g/min. The liquid was
atomized in a two-fluid nozzle using a secondary airflow of m&*/hr. The liquid spray was
fed into a pre-heated primary airflow of 44 Nfhr. The temperature of the spray drier exit
gas flow was maintained at 12& by controlling the temperature of the gas inlet tempegatur
Prior to introduction of the silica / alumina suspensiohs,spray drier was started up using DI
water, and the unit was allowed to reach a steady state bymgifior 20 minutes on the water
feed. Figure 6.1 shows a schematic diagram of the Buchysprar type B-290 along with the
actual equipment used. The operating conditions are suineadan Table 6.1. After collection
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Table 6.1: Operating conditions of the Biichi spray drier

Secondary airflow [NiTh] 2.5
Total airflow [Nm¥/h] 44
Spray drier gas exit temperature setpot@][ 115

Peristaltic pump liquid flow rate [g/h] (calibrated fé,O) 160

of the material from the cyclone of the spray drier, the matewere calcined at 425C using
a heating rate of 1C/min for 3 h to remove the P123 template.
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Figure 6.1: Schematic diagram of the Buichi spray drier
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6.2.4 Material characterization

N, adsorption/desorption isotherms were obtained on a Mierdits ASAP 2400 at 77 K.
Samples were degassed under vacuum at@afernight prior to the measurements. The pore
size distribution was determined by applying the model afe&hoff 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 calcinegamwas put into a small quartz
cup, which was placed on a tray inside a large quartz tubeelJmttogen flow, the quartz tube
was heated to 788C with a heating rate of 53C/min. After reaching the set point temperature,
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the nitrogen flow was switched off and steam from a steam géorawas fed to the quartz tube
at a rate of 0.5 g/h. The samples were kept in 100 % steam abraesfor 20 hours followed by

cooling down under nitrogen. The steamed samples were zathlysing nitrogen adsorption
for surface area, pore volume and pore size distribution.

6.2.6 Probe molecule pulse tests

Oyl
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///////////////// i
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Figure 6.2: Schematic diagram of pulse test equipment

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

After installation of the loaded reactor tube into the equemt, the material was conditioned by
increasing the temperature to 600 at a rate of 3C/min under a helium flow of 10 ml/min.
After the conditioning step, the reactor tube was broughii¢éarequired operating temperature.
In the reaction experiments, a pulse of @llof liquid reactant was injected into the helium
carrier gas flow. For the reactivity of TiPB, reactor temperas of 400 and 500C were
used; forC,,H,; andC,,H,, a reactor temperature of 60C was used. The products were
analyzed by GC-FID, and the conversion was calculated ffedecrease in GC peak area of
the probe molecule fed to the reactor. By conducting a sefieequential 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% P12@@oland colloidal silica were
mixed together to obtain the precursor for the spray drikchsiFigure 6.3 shows the nitrogen
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adsorption isotherms and pore size distribution of mesmyosilica produced with different
P123 content/loading. The,Nadsorption/desorption isotherms show a typical type IV-hys
teresis with a type H1 loop. Table 6.2 lists the textural prtips of the mesoporous silica
synthesized. We can observe that the pore size increasesli@ nm till 23.0 nm as we de-
creasesiO, : P123 (wt./wt.) from 4.0 to 1.33. Furthermore, there exastslatively narrow pore
size distribution forSiO, : P123 = 2 or 4, as compared to a more broader pore size network
that is obtained usin§iO, : P123 =1.33. This can be explained by the fact that therdsexis
an optimum amount of P123 that could be accommodated witi@rclose packing of silica
spheres, the ensemble that determines the final pore seuciine BET surface area of the
materials remains constant around 198gnwhile the total pore volume increases from 0.35
till 0.68 cm?/g with an increase in P123 content (or a decreasi(n : P123 ratio).

700 SiO, : P123 =1.33 —a— 35 SiO, : P123=1.33 —a—
Si0,:P123=2  —=— Si0,:P123=2  —=—
SiO,:P123=4 —o— SiO,:P123=4 —o—
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Figure 6.3: (a) N adsorption/desorption isotherms and (b) pore size digtab based on the
adsorption branch (model of Broekhoff and de Boer) of mesmyp® SiQ for different SiG :
P123 ratios. Isotherms corresponding to Si®123 = 1.33 and 2 have been offset by 200 and
100 cni/g respectively for clarity

Table 6.2 also shows the properties of spray-dried silitawgbout the structure-directing tem-
plate. In a structure consisting of packed particles, thre polume ;) can be calculated from:

€ 1
Vi = L 6.1
Ty (6.1)

For silica, we may use a skeletal densityef= 2.196 g/cm, while for the close cubic packing
of spheres, a void fraction, = 1 — 7/v/18 ~ 0.26 is valid. Substituting these values into
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Table 6.2: Textural properties of mesoporous silica

SIOQ :P123 SBET V;‘, dpore
[wt./wt.] [m2/g] [cm?®/g] [nm]

133:1 190 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
Aluminaonly 284 0.31 4.4

Equation (6.1) leads t&, = 0.16 cnig, which is very close to the value reported in Table 6.2.
We may conclude that spray drying silica sol results in phasithat are very closely packed. It
is also evident that adding the structure-directing tete@d 23 results in a dramatic increase of
the pore volume up to 450%. Since the surface area is notedféy the addition of P123, the
increased pore volume must be accompanied by an assoagiatedse in pore diameter. Also
this can be well understood by the fact that the surface amgasponds to the surface area of
individual silica particles (particle sizé, =16 nm,p, = 2.196 g/cm), estimated to be around
171 n¥/g from:

6 x 103

(6.2)
psdy

Surface Area=

This value is close to the measured BET surface area of spiy silica solution (190 dig)
given in Table 6.2. On using P123, the resultant materi@<amposed of aggregates of silica
nanospheres that are decorated around P123 assemblieg, Heimncreasing the P123 content,
one observes an increase in pore volume, while the surfaeeramains unaltered.

6.3.2 Mesoporous silica-aluminas

These samples were prepared from precursors obtained bygmwalculated amounts of col-
loidal silica, peptised Catapal, and 10 wt% P123 solutidfigures 6.4 and 6.5 show the ni-
trogen adsorption/desorption isotherms and the pore $stebaition for two differentSiO,, :
AL O, ratios of 7 and 23.4, respectively. The isotherms are of typeith a hysteresis loop of
type H1.

Table 6.3: Textural properties of mesoporous silica-ahasifor different SiQ:Al,O; ratios

Si0, : ALLO, Si0, : P123 Sper Vi dyore
[mol/mole]  [wt./wt] [mole/mole] [nt/g] [cm?/g] [nm]
7 1.33:1 1286:1 258 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 1933:1 212 0.37 9.7

234 4:1 386.7:1 212 0.27 ~7.1
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Figure 6.4: (a) N adsorption/desorption isotherms and (b) pore size digtab based on the
adsorption branch (model of Broekhoff and de Boer) of mesmgmsilica-aluminas with Si©
: Al,O3 =7 : 1. Isotherms corresponding to SiOP123 = 1.33 and 2 have been offset by 200

and 100 crWg respectively for clarity.

From Table 6.3, one can observe that the pore volume desrgaseincreasediO, : P123
ratio for two differentSiO, : Al,O; values, just as was observed in Table 6.2 for mesoporous
silica. A clear trend with an increase in pore size is seeh aviecrease ifiO,, : P123 forSiO,,

: AL,O, = 23.4. Once again, the pore size distribution is much mormewefor SiO,, : P123 =
1.33 and 2, as compared to a value of 4. In general, mateyiathesized afiO, : AL,O; =7
have a slightly higher BET surface area and pore volume apaoed taSiO, : Al,O, = 23.4.

It is interesting to note that at sufficiently lowO,, : P123 ratios, theame mean pore diameter

is obtained, irrespective of tt#O,, : Al,O, ratio.

6.3.3 Steam stability of mesoporous silica-aluminas

Three samples of the silica-alumina materials were saldotesteam stability tests. Their tex-
tural properties before and after treatment are reportddlote 6.4. One can observe a surface
area (SA) retention of over 50 % and a pore volume (PV) rederif 85 % for mesoporous
silica-aluminas witl5iO, : Al,O; = 7. ForSiO, : Al,O; = 23.4 one can observe a comparable
but slightly lower SA and PV retention of the samples pregarging two loadings o$iO, :
P123. These results signify that the materials are abldaorthe pore network to a significant
extent. This is clearly supported by the pore size distrdoubf the samples shown before and
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Figure 6.5: (a) N adsorption/desorption isotherms and (b) pore size digtab based on the
adsorption branch (model of Broekhoff and de Boer) of mesmgmsilica-aluminas with Si©
: Al,O3=23.4 : 1. Isotherms corresponding to $i0P123 = 1.33 and 2 have been offset by

200 and 100 crifg respectively for clarity.

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

SiO, : Al,O3 SiO, : P123 Sper [M2/g] V; [em?/g] SA PV
[mole/mole]  [wt./wt] [mole/mole] Before After Before Adr retentiof  retentiort
steaming steaming steaming steaming [%0] [%]
7 1.33:1 128.6:1 258 140 0.61 0.52 54.3 85.2
234 133:1 1286:1 210 102 0.48 0.38 48.5 79.2
234 4:1 386.7:1 212 79 0.27 0.21 37.3 77.8

f SA (Surface area) retentiOnSi—)’ET,afterstea’rning/SBET,beforestea'rning x 100
i PV (pore VOlUme) retention h:5,LLfte'rsteovming/V;ﬁ,beforestea'rning x 100

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

These extreme stability test conditions (100 % stea®Q0 °C for 20h) simulate the realis-
tic conditions prevalent in the fluidized bed catalytic &ec[13] and act as a screening pre-
requisite for potential catalysts. Furthermore, we emizleathat the steaming conditions used
here are much more rigorous than those usually reportedeiraiure. Xiaoet al. [8] have
reported the hydrothermal stability of SBA-15 and Al-SBB-inder boiling water conditions
for 120 h and seen a reduction in surface area by nearly 90 % et-h. [14] also tested their
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SBA-15 materials by subjecting it in boiling water (180) for 120 hours and observed SA re-
tentions ranging from 9 to 16 %. They also reported the stgloif mesoporous aluminosilicate
(MAS) materials consisting of MFI units under similar cotmains with surface area retention of
70 %. Ooiet al. [15] synthesized SBA-15 and Al-SBA-15, and investigatezrthydrothermal
stability by passing 100 % steam for a period of 1 h at 800They observed a reduction in
BET surface area of 43 % for SBA-15 and 46-48 % for the Al-SBAsamples. Pinnavaia and
co-workers [16] steamed their MSU-S materials at 8300100 % steam for 3 h and observed a
retention in surface area of 5-21 % only.

' Si0,:P123=1.33 Fresh —a—
SiOZ:P%

23=1.33 Steamed —=—

dV/dlogD [cm®/g]

Pore Diameter [nm]

Figure 6.6: Pore size distribution of silica-aluminas (SiQ\l,O5; = 7) before and after steam
treatment

The high stability of mesoporous silica-alumina matenalhe present work can be attributed
to the thicker walls of the materials. The walls are compasfgzhackings of silica and alumina
nanospheres with particle sizes of 16 and 4.5 nm respegti8elkch thick walls would provide
the structural stability that allows them to withstand saegtreme steaming conditions in com-
parison to amorphous, mesoporous silica like MCM-41 and -8BAwhich 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 aluminostisaare usually carried out on fresh cat-
alyst. In this work we have carried out activity tests on tamples after the severe conditions
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SiO,:P123=1.33 Fresh —a—
Si0,:P123-1.33 Steamed —=—
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Figure 6.7: Pore size distribution of silica-aluminas (StOAI,O; = 23.4) before and after
steam treatment

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

Table 6.5 gives details on the activity tests performed ¢ecsed steamed samples using TiPB
(tri-isopropyl benzene) and linear alkan€§ {H,, andC, ,H,;) as probe molecules. The TiPB
probe molecule is typically used to simulate the diffusiamastraints expected in the catalytic
cracking of gas oil in a FCC catalyst [17]. Initially, a blaekperiment was performed to
ascertain the extent of conversion as a result of thermekirg alone. As a reference, a spray-
dried sample of Catapal was added to the performance teste tNat this sample wasot
steamed prior to performance testing.

In Table 6.5, the difference in conversion between the staowl first pulse gives the extent of
deactivation of the catalyst material. Deactivation mayaesed by, for example, deposition
of coke formed from byproducts of the reaction. Table 6.5nghthat, except for the sample
consisting of only alumina (fresh Catapal), no deactivaivas observed. The large amount
of coke formation in the alumina sample may be explained leyréhative high acidity ofy-
alumina. Note that the alumina sample was not steam-trgai@dto testing it for activity. The
reproducibility of the activity tests is shown by the comesig conversion values for the repeated
activity tests of the samples wiliO, : Al,O5 = 23.4 and5iO,, : P123 = 128.6.

Except for the sample containing only alumina, the samptesat show considerable acidity
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Table 6.5: Probe molecule experiments on steamed sampiésgifAtests)

Sample Conversion of different probe molecules [%0]
TIPB TIPB C,oHyg C,,Hs,
(T =400°C) (I'=500°C) (T'=600°C) (T =600°C)
1% pulse 24 pulse

Blank* 4 4 4 4 7

SiO, : Al,O5 =7, 9 9 30 5 8
SiO, : P123 =128.6

SiO, : Al,O4 = 23.4, 6 6 16 7 9
SiO, : P123 = 386.7

Si0, : Al,0, = 23.4, 6 6 14 4 6
SiO, : P123 =128.6

SiO, : Al,O4 = 23.4, 6 6 15 6 8
Si0, : P123 = 128.6 repeat

Fresh Catapal (68.4 %l,0,) 14 9 33 38 58

* Blank experiment: no catalyst loaded, thermal crackingelo

for the linear alkanes. For the alumina sample, the rep@tgiglity numbers are misleading,
since the cracking for normal alkanes is non-selective,raadlts in the formation of coke on
the catalyst. All samples show considerable activity f& tonversion of TiPB. The sample
containing only alumina, which was not steam treated, hasaersion of 33 %, and serves as
a reference. Table 6.5 shows that the sarSple, : Al,O, =7 has a nearly equal conversion of
30 %. Comparing the surface area of the alumina sample (6aBJ&SA = 284 i/g) to that of
the steame8iO, : Al,0, =7 sample (Table 6.4, SA = 127%/g) shows that the silica-alumina
composite has a significantly higher reaction rate per umfase area than the alumina sample.
This may be attributed to the increased accessibility, iiszaf the larger pore diameter created
by the synthesis in the presence of P123, and/or the crezftamtive sites on the interface where
the silica and alumina particles touch.

Comparing the activities of the silica alumina samples with, : Al,O; =7 andSiO,, : AL,O4

= 23 for the same ratifiO, : P123 = 128.6 shows that the conversion of TiPB drops from 30
% to 14 %. Since both silica-alumina composites have apprataly the same pore diameter,
we must attribute this difference in observed activity tedences in intrinsic activityj.e.,

to differences in the properties of the active site on thdaser of the material, and not to
differences in accessibility. Comparing the surface arfeth® steamed sample withiO,, :
Al, 0, = 23.4 (Table 6.4, SA = 90 #/g) to that of the alumina sample (Table 6.2, SA = 284
m?/g), we conclude that the activity per unit surface area efilica-alumina composite sample
is higher than that of the fresh alumina.

6.4 Conclusions

In conventional zeolite synthesis, microporous crystalktructures are created from inorganic
silica and alumina species dissolved in the agqueous phake. fifal crystalline product is

obtained after prolonged reaction times (several hoursjhé synthesis of novel mesoporous
materials reported in the literature, mostly silicon alkl®s 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 mesopoill@asaumina materials by self-

assembly of nanosized silica and alumina particles usinigiatare-directing agent. This pro-
cess results in a non-crystalline material composed of kipgof silica and alumina nanopar-
ticles. We have shown that the pore size of these materiaieverned by the amount of
structure-directing agent, and that itirglependent of the silica-to-alumina ratio of the sam-
ples. Severe thermal stability tests (100 % steam at T =Z8®r 20 hours) showed that the
prepared mesoporous materials retain much of their mesap@tructure. This is far superior
to usually reported crystalline aluminosilicate mesopsnmaterials in the literature. Reactivity
tests, based on the conversion of TiPB, have shown that thétyaof the samples depends on
the silica-to-alumina ratio of the materials. Apparently,using “nanosized building blocks”

comprised of silica and boehmite particles, the surfacetingty towards TiPB conversion may

be adjusted.

These findings create new, exciting opportunities for thatlsgsis of catalytic cracking cata-
lysts, because the catalytic activity of the material isaapptlydecoupled from the pore size.

A structure-directing agene., P123 in the present study, but other ones may be applied as
well) may be employed to adjust the mesopore size, whiledha\dic activity may be adjusted

by tuning the silica-to-alumina ratio. With this techniqulee accessibility of the catalyst and
the reactivity at the catalyst surface might be indepengeéesigned to match the requirements
of a specific feed.

It was shown that the mesoporosity can be adjusted by addstigieture-directing template.
Various formulations of the ethylene oxide / propylene exiock copolymers are available,
leading to different structure-directing templates. kvisrthwhile exploring these templates in
combination with the industrial silica and alumina raw nniglls used in the present study. It
was shown that the applied silica-to-alumina ratio afféogsintrinsic activity as well. We may
speculate that this is caused by the formation of cataljyieative silica-alumina materials at
the boundary where the silica and alumina particles touctvould be worthwhile to explore
different industrially available silica and boehmite smes 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 zessjtare widely employed in a large num-
ber of technological applications. Zeolites serve as éscetatalysts in a variety of processes,
on account of their uniform micropores (pore size less thaim2, most importantly in oil-
refining and petrochemical synthesis. In addition, theyimegeeasingly applied in environmen-
tal catalysis and in the synthesis of fine chemicals [1, 2].

Despite the vast applications of zeolites, it is often skahthe small pore sizes inherent to these
materials lead to severe diffusion limitations that cdnite to sub-optimal performance. One
way to overcome this is to reduce the size of the zeolite alystown to nanoscale dimensions.
Nanocrystalline zeolites are promising catalytic and duksiot materials that have high surface
areas and reduced diffusion path lengths relative to cdiowead micrometer-sized zeolites [3].
This also leads to higher accessibility of the catalytiesiin account of the increased external
surface area [4]. Nanocrystalline zeolites can be assehntie micropatterned thin films [5],
and have potential applications in separation processesfiranes) and chemical sensors [5,
6].

ZSM-5 is a zeolite that is often used as a catalyst in petroleefining. It has an intersecting
pore network composed of straight channels and zigzag effewith pore diameters of around
0.55 nm. Nanocrystalline ZSM-5 has been shown to exhibitem®ed selectivity in toluene
conversion into cresol and significantly decreased cokmdtion relative to conventional ZSM-
5 materials [7].

There are several reports on different strategies to sgi@anocrystalline ZSM-5. Schoeman
et al. [8] reported the synthesis of nanocrystalline ZSM-5 usilegicsolutions in open beakers
at low temperature and ambient pressure, in contrast todheeational hydrothermal routes.
These syntheses resulted in the formation of colloidaltgmis of zeolites with uniform particle
sizes of 100 nm or less. Van Grieken and co-workers [9] repaatsimilar synthesis for ZSM-5
based on clear solutions under hydrothermal conditiorohk®en and co-workers developed a
technique in which the zeolite synthesis mixture was impa¢gd into a porous carbon black

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

However, nanosized zeolites cannot be used directly, duketo intrinsically poor stability
and due to the much higher pressure drops in packed-besdreacmpared to those obtained
with conventional catalysts. Therefore, nanozeolitesdrnieebe dispersed and stabilized in
a porous matrix. A hierarchical porous system consistingntarconnected micropores and
mesopores was obtained by dispersing nanosized betaezeofitesoporous TUD-1. This hi-
erarchical porous system showed enhanced cracking sabivit-hexane (per gm of zeolite)
as compared to pure beta-zeolite [11]. Several strategies Ibeen reported that combine the
advantages of mesoporous materials and those of zeolitendst al. [12] reported the syn-
thesis of MCM-41/ZSM-5 composite materials containing @iericonnected mesoporous and
microporous structure using a dual template method viadtgp-crystallization. Pinnavaia and
coworkers [13] reported the assembly of zeolite seeds (asideolite Y, ZSM-5) as precursors
or building units into steam stable hexagonal alumincgi@éanesostructures. Kaliaguine and
co-workers [14] have reported approaches for preparafiahirastable and highly acidic meso-
porous aluminosilicates via coating of mesoporous mdsewéh zeolite gel or via secondary
templated crystallization of zeolites starting from anf@ps mesoporous materials. Xia and
Mokaya [15] have prepared ZSM-5/MCM-48 aluminosilicatenpmsite materials using a sim-
ple two-step crystallization process. The synthesis m®aavolved the assembly of precursor
zeolite species, containing ZSM-5 units at various stagesystallization, into a mesostruc-
tured material.

In the present work, an attempt is made to synthesize cotegasinsisting of zeolite nanocrys-

tals embedded in a mesoporous framework using aerosols infMallves synthesizing a precur-

sor consisting of ZSM-5 nanocrystals well dispersed in ameags solution. In the aerosol

droplets, the zeolite is incorporated into a mesoporousdm@ork whose mesopore size is con-
trolled using a non-ionic surfactant, P123.

7.2 Experimental

Initially, several strategies were employed towards thal gbsynthesizing mesoporous ZSM-
5 composites. This involved spraying solutions contairdi8M-5 nanocrystals dispersed in
distilled water (after separation from the mother liquotadied by ageing the zeolite precursor)
to form agglomerates with porosity arising from the intetjgée space. The resultant materials
were of limited use, because of their comparatively low exksurface area and total pore
volume, due to the large zeolite particle size.

In an attempt to develop a one-pot strategy, a highly badicidal zeolite nanocrystal solution
(also containing unreacted TEOS and TPAOH) was mixed withqareous/ethanolic P123 so-
lution. The objective was that the tri-block copolymer, B1®ould act as template and interact
mainly with the unreacted TEOS to form an amorphous mesdsiiel (driven by evaporation-
induced self assembly) and the zeolite crystals would beselohdd in this mesostructure. How-
ever, the synthesized materials showed negligible micagpty. The XRD analysis showed no
diffraction peaks. This could be due to the fact that P123amgér functions as a template
under such high basic conditions. Additionally, droples@oeration during the aerosol process
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Zeolite gel +
N\ [ 00 1,
ULTRASONIC SOLUTION
BATH A

TEOS + TPAOH + Autoclave Centrifuge
NaAIO, + H,O 100 °C for 27, 38,48 h

ADD SOLUTION A

THIS SOLUTION

TEOS + P123 + A+B
H.0 + HCI
SOLUTION B

Figure 7.1: Synthesis scheme for producing mesoporous B$bmposites

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

Therefore, a different synthesis strategy was employed;wdhowed 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 mgNaAlO,, in 20.8 mIH,O : Al
2. Mix 13.8 ml 20 % TPAOH with 11.2 ml TEOS to get a clear solaticA2

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

Molar compositiomAl, O, : SiO, : Na,O : (TPA),O: H,0=1:50:1:7:1800.

The above solution was aged in an autoclave at’@for different times: 27, 38 and 48 h. The
zeolite gel was then separated from the mother liquor byridegation.

Zeolite gel dispersion

The zeolite gel, separated from the mother liquor, was wsfietsed in 20 ml D.DH,O using
an ultrasonic bath for 30 minutes. This solution is denoted.a

P123 + TEOS solution

1. Dissolve 2.15 g P123 in 3@ 37 wt% HCI + 5.32 ml 100 wt% EtOH + 35.8 ml D.D.
H,0.

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

Solution A was then added to Solution B and stirred at roomptnature to obtain the final
precursor. This solution was composed of 5 wt% P123 and 10E. The HCI 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 wasitbese experiments. The only
difference is that a 1-jet nebulizer was used instead ofet Ggbulizer. Nitrogen was used as
a carrier gas at a flow rate of 2.0 I/min. The temperature ofuhgace was maintained at 400
°C. The collection filter was maintained at 80. The as synthesized powders were calcined at
250°C for 3 h followed by 550°C for 6 h at a heating rate of ®/min to remove the organic
template.

7.2.3 Material characterization

The calcined samples were analyzed using a Quantachronos@bt6B sorption analyzer to
measure the nitrogen adsorption/desorption isothernis:. terthe isotherm measurements, the
samples were degassed at 3&0overnight.

The powder X-ray diffraction patterns were recorded on a8ies D5005 Crystalloflex diffrac-
tometer, which is equipped with an incident beam Gu®e focussing monochromator and a
Braun position sensitive detector.

7.3 Results and discussion

Fig. 7.2 shows the Nadsorption/desorption isotherms and the pore size disioib of the
synthesized materials obtained using zeolite nanocrgsial synthesized for different ageing
times in the initial sol-gel step. For the purpose of congmarj a sample was also prepared by
using the same zeolite precursor, and by synthesizing leeghte crystals after ageing them
for 48 h. This is labeled a48h 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 isatkeof Figure 7.2 that there is an
uptake of nitrogen at a high relative pressure, greater @@&nThis is reflected in the pore size
distribution obtained by applying a BJH pore model to theogpison branch of the isotherms.
The pore size distribution is relatively broad, though eeedtl around 30 nm. On the other
hand, one also observes that there is a progressively dawgedesorption isotherm starting
from relative pressure, P{/®f 1.0 with a distinct desorption step at a relative pressii@5.
This could suggest the presence of a pore network consistiag entrance with an increasing
pore width leading to the 30 nm inner mesopore structurethEunore, the opening of the
entrance is much smaller than the inner pore size, suggestimk-bottle pore system.

The textural properties of the synthesized materials arengn Table 7.1. All the synthesized
materials (27h, 38h and 48h) possess an external surfazénaggcess of 150 fg and a very
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Table 7.1: Textural properties of the calcined materials

Time SBET Sert Vi Vu Crystal size
[h] [m?/g] [m?/g] [cm’/g] [cm?®/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 &m. There is a significant micropore volume 0.049
- 0.063 cni/g that is on account of the micropores in the zeolite stmec(due to the TPAOH
template molecules) and the micropores introduced in tHis withe mesoporous framework
due to the EO blocks of the tri-block co-polymer, P123.

1800 ‘ ‘ ‘ ‘ 1.8 ‘ ;
48h (sol-gel) —=— 48h (sol-gel) —=—
27h —=— 27h —=—
1600 38h —o— 16 38h —e—
48 h 48 h —e—
1400 | 14
1200 | _ 12
- ()]
T T
5 000 ¢ G, -
o >
g 800 % 08
S A
600 0.6
400 | 04 r
200 | 0.2 r
0 1 1 1 1 0 1
0 02 04 06 08 1 1 10 100 1000
Relative pressure, P/P [-] Pore Diameter [nm]

Figure 7.2: N adsorption/desorption isotherms and pore size distobyby applying the BJH
model to the adsorption branch of the isotherm) of syntlegssamples (Isotherms of 27 h, 38
h and 48 h offset by 200, 600 and 1000%g)

The non-uniform nature of the mesopore network can be atahto interference of the zeolite
crystals during the surfactant-silica self-assembly pssc The large mesopore volume of the
composite materials is given by - 14, and is due to pores created by the presence of P123, as
can be observed by comparing the “48 sol-gel” sample witlother ones.

Figure 7.3 shows the XRD patterns of the calcined samples.“48h sol-gel” sample exhibits
sharp diffraction peaks corresponding to the MFI crystiide group. The peaks corresponding
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to MFI in the sample synthesized using the gel aged for 27 wemgbroad, indicating small
nanocrystals. The crystal size estimated from Scherrgtist®on is given in Table 7.1. It can
be seen that there is not much change in the crystal size matieasing ageing time of the
zeolite precursor solution. However, on increasing therageéme of the gel, the peaks grow
in intensity, indicating an increased crystallinity of teemples. In other words, there is an
increase in the number of zeolite nanocrystals in the finadpmsite material.

Intensity [a.u.]

48 h, sol-gel
48 h
M 38 h
. . . . 27 h .
5 10 15 20 25 30 35 40 45 50

26

Figure 7.3: X-ray diffraction patterns of the synthesizathples

7.4 Conclusions

The aerosol technique was successfully used to incorpg&e5 nanocrystals inside a meso-
porous framework using P123 as the templating agent. Thithaegized composites contain
large mesopores centered around 30 nm with a rather bro@ibdison, and have a large pore
volume of about 1.0 cilg. XRD patterns confirmed the presence of ZSM-5 in the compos
ite materials. The combination of small zeolite crystafliand wide mesopores should lead
to improved accessibility (markedly reduced diffusionitations) in these materials. These
properties, combined with the acidity of the ZSM-5 crystafake these materials interesting
candidates for further catalytic studies, in particulartfee cracking of bulky molecules.
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Summary

Aerosol Assisted Synthesis of Nanostructured Silica

Despite the wide applications of zeolites, especially adifted catalytic cracking (FCC) cat-
alysts, there is a need to overcome the problem of diffusiondtions of the reacting bulk
molecules, owing to the small pore size of these crystahilneninosilicates. This has led to
the discovery of ordered mesoporous silicas with tunalggelenesopore structures, which have
been proposed as ideal, rationally designed catalyst stgppchey have attracted a great deal
of interest amongst the materials community, due to thegatée applications, including catal-
ysis, sensors, low-dielectric constant materials, optieareguides and micro-fluidic devices.

The initial chapters (Chapter 1 and 2) of the present thesalt diith the batch sol-gel synthesis
of nanostructured SBA-15, which contains hexagonally eedéarge mesopores and has better
hydrothermal stability than MCM-41, due to its thicker povalls. We were able to synthesize
a variety of unique morphologies by tuning a single paramegmely the stirring rate during
the low temperature hydrothermal treatment step in thespiesof a weak acid];PO,. Under
static conditions, free standing films were obtained at thevater interface, and a hierarchical
porous cake (containing mesopores and macropores) cothpbstosely packed particulate
grains simultaneously precipitated. Under slow stirriogditions, bundles were formed ex-
tending over several hundrad in length and with a width of at least $®. The bundles were
composed of long thin thread-like structures fused togetfiaterials prepared under vigorous
stirring conditions resulted in fiber-like morphologiesdaclose examination indicated the pres-
ence of several individual segments coupled together dlmgiglength. All the materials were
well ordered on a nanoscale and had a high BET surface areanfisned by X-ray diffraction
and N, adsorption measurements, respectively. Transmissictretemicrographs (TEM) of a
microtomed section of the film revealed that the nanochanmete parallel to the surface. Fur-
thermore, it was interesting to note that the bundles weneposed of uniform nanochannels
oriented along the long axis of the bundles. The differeetasiate associated with different
stirring conditions influences the shape and aggregationicélles, as well as the interfacial
growth of the silica-surfactant mesophase, resulting stirtit morphologies. The presence of
phosphorous in the final calcined materials, as shown by XRBsurements, improved the
overall Brgnsted acidity of the SBA-15 material, making tramising selective heterogeneous
catalyst for reactions that specifically require Brgnsiadity.

Pulsed field gradient (PFG) NMR measurements were perfoondtie nanostructured SBA-
15 fibers and bundles. These measurements gave furthentingig the diffusion properties of
these mesostructured materials. It was observed that siadement of nitrobenzene in the
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channel direction within the mesoporous bundles is weltdlesd by a model using a constant
diffusivity. This means that over the observed displacasiei4um, molecular transport in the
longitudinal direction is not affected by additional trapnst resistances that might confine the
propagation. The channels are to a certain extent permeddidd is consistent with the fact
that the walls of the SBA-15 mesopores are microporous. drbtindles, there is a tendency
that displacements perpendicular to the mean channetidingaroceed at a rate increasing with
increasing observation time, which strongly suggests lisece of a perfect channel structure
over distances of im, encouraging propagation perpendicular to the mean ehaimection.

In the fibers, both diffusivities are found to (slightly) dease with increasing observation time,
which points to a retarded propagation over longer distgnnoecontrast to what is observed in
the bundles. This agrees well with the morphology of the §pahich are basically composed
of short segments joined together, accounting for confiménvéhin a more narrow space than
in the bundles.

It should be noted that mesostructured silica is usuallyth®gized in batch using the sol-
gel technique, which requires several days to obtain the $imactured product. An alter-
native, more recent synthesis approach, namely “evaporaiduced self-assembly” (EISA)
of aerosols, enables continuous production of porousagiésticles with a controlled morphol-
ogy and pore size within a process time of only a few seconasapparatus was constructed
consisting of an atomizer to generate a fine aerosol of dimpheéhich is transported through
a heated tubular reactor, in which particles are formed;ptiogluct is collected on a mem-
brane filter. The number of experimental parameters thanpiaily influence the final texture
of the materials is very large. The question then is whichmlgimations of) parameters lead
to which morphology, and which ones have the largest infle@nikn order to probe the high-
dimensional experimental parameter space, a rigorouststat methodology was applied that
allows to greatly reduce the number of experiments. A cleamogeneous acidic precursor
solution containing an organosilicate (TEOS) and a tribloapolymer (P123) as the template
is atomized into an aerosol that is transported through tetidabular reactor, as described
above. Silica and surfactant micelles self-assemble witliltéaneous hydrolysis-condensation
of TEOS, resulting in organic-inorganic composites. Highiperature calcination results in
nanoporous silica particles consisting of lamellar or lgexel nanostructures. Experiments
were based on a factorial design methodology for a more celnemsive study into the effects
of precursor composition and reactor temperature on therexf the synthesized materials.
This methodology allows simultaneous investigation of itifeuence of multiple parameters,
which is advantageous over the traditional form of expentaton in the nanomaterials com-
munity, where only one variable is changed at a time. It alewxploration over a wider range
of conditions to highlight the true nature (global/locdl}r@nds that are often misinterpreted as
a universal occurrence in conventional experimentaldri@he analysis showed that all of the
following variables were significant: P123/TEOS was idiggdi as having the maximum effect
on the BET surface area, followed bl,O/TEOS, temperature, and EtOH/TEOS. P123 and
EtOH have an important combined effect as well. Furtherm@mperature has a maximum
influence on the pore volume as compared to other variablssgléontours, this method ex-
clusively determined multiple conditions for achievingeguired surface area and pore volume.
It also illustrated the variation of these properties overider domain of experimental condi-
tions. N, adsorption measurements showed that a high P123/TEOSsrasphrticles with a
broad pore size distribution. Lower ratios favour formataf a network with uniformly sized
pores. The structural order and nanostructure were eligtdsy X-ray diffraction (XRD) and
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transmission electron microscopy (TEM). In the field of mials science, it is often encoun-
tered that the synthesis involves fine-tuning several exygartal variables in order to achieve
a desired product. This is usually done by extensive tridl emor. By using the techniques
described here, one can identify and narrow down to the bl@sa or combinations of vari-

ables that have a significant effect on the property of theerr@tunder scrutiny, and this with

a minimum of experimental runs. This information could bedias a basis for additional ex-
periments to improve the quality of the material by fine-tunthese significant variables. In
addition, the empirical facts derived can serve as a basisrfderstanding and modeling of a
complex process such as EISA.

A large laboratory spray drier at Albemarle Catalysts waslue synthesize novel mesoporous
silica and silica-alumina materials by self-assembly afaszed silica and alumina patrticles,
using P123 as a structure-directing agent. This procesfises an amorphous material com-
posed of a packing of silica and alumina nanopatrticles. We Ishown that the pore size of
these materials is governed by the amount of structurestthigeagent, and that it is indepen-
dent of the silica-to-alumina ratio of the samples. Sevgardthermal stability tests (100 %
steam at T = 788C for 20 hours) showed that the prepared mesoporous mategtain much
of their mesoporous structure. This is far superior to tigstatline aluminosilicate mesoporous
materials that are usually reported in literature. Redygtiests, based on the conversion of
TiPB, have shown that the activity of the samples dependb®sitica-to-alumina ratio of the
materials. Apparently, by using "nanosized building blgc&omprised of silica and boehmite
particles, the surface reactivity towards TiPB conversiay be adjusted. These findings create
new exciting opportunities for the synthesis of catalyteoking catalysts, because the catalytic
activity of the material is apparently decoupled from thegogize. A structure-directing agent
(e.g., P123 in the present study, but other ones might beeapat well) may be employed
to adjust the mesopore size, while the catalytic activity roa adjusted by tuning the silica-
to-alumina ratio. With this technique, the accessibilifyttee catalyst and the reactivity at the
catalyst surface may be independently designed to mataietjuerements of a specific feed. It
is worthwhile exploring these templates in combinationhwitie industrial silica and alumina
raw materials used in the present study. It was shown thaappéed silica-to-alumina ratio
affects the intrinsic activity as well. We may speculate thés is caused by the formation of
catalytically active silica-alumina materials at the bdary where the silica and alumina parti-
cles touch. It would be worthwhile to explore different irsthially available silica and boehmite
sources to investigate their effect on the reactivity ofdyethesized materials.

Finally, an attempt was made to synthesize composites storgsiof zeolite nanocrystals em-
bedded in a mesoporous framework using aerosols. Thisvesdirst synthesizing a precur-
sor consisting of ZSM-5 nanocrystals well dispersed in ameags solution. When spraying
this precursor together with a P123 solution, the zeoliteooeystals are incorporated into a
mesoporous framework in the aerosol phase. The synthesmegdosites contain large meso-
pores centered around 30 nm with a rather broad distribatiwha large pore volume of 1.0
cm’/g. XRD patterns confirmed the presence of ZSM-5 featurebéncomposite materials.
This should markedly reduce diffusion limitations. Thesatenials with improved accessi-
bility, combined with the acidity of the ZSM-5 crystals, wdwserve as ideal candidates for
cracking bulky molecules.

This thesis demonstrates that the aerosol method dranatieduces the synthesis time of
interesting novel mesoporous and zeolite/mesoporous gsibkegmaterials, as compared to the
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sol-gel scheme. One could always use a homogeneous precuydor that matter, a well
dispersed system to generate a wide array of materials inteem@d seconds. It would be
worthwhile to study in greater detail the synthesis of thesop®rous ZSM-5 composites by
varying the Si/Al ratio and also tune the mesoporous franmkewoidity 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 d@yyias gained considerable interest,
because the produced particles exhibit unique propetiegsmake them potential candidates
for use in catalysis, chromatography, fillers, pigments emsimetics [1]. Spray drying is an
established method involving atomizing and spraying susipas or homogeneous solutions
into droplets, which dry to form solid particles [2]. It priokes an efficient way to produce
particles continuously with a mostly spherical morpholagyh sizes ranging from below 1
um to microns. Advantages include the simplicity of the systés cost effectiveness, and
the ability to scale up production to the order of tons. Savauthors have reported the syn-
thesis of micrometer-sized particles by using spray dryid]. Iskanderet al. [4] prepared
agglomerated silica powders with a spherical morphologgfmay drying different colloidal
silica nanoparticle solutions. By changing the primantipbe size, the pore size arising due to
the interparticle porosity of the agglomerated particles wontrolled. It was demonstrated that
the final product size could be varied by changing the indtalcentration of the colloidal sus-
pension. Additional Eu-doped luminescent silica powdezsayprepared by incorporating Eu
into the silica matrix, demonstrating the ease of functieirey materials using spray drying.

Colloidal silica is a good precursor for spray drying sine stable, it can be dispersed in wa-
ter, and the primary particle size can be controlled withamaeter resolution. Ohshineh al.

[5] prepared silica-titania powders using 15 nm colloidata nanoparticle suspensions. The
morphological control of nanostructured particles preddnsy spray drying of a nanoparticle
sol was investigated, and supported by theory [4]. The siratstability of a droplet and the
hydrodynamic effects during the drying process play a eluoie in determining the morphol-
ogy of the final particles. The colloidal particle size in theplet, droplet size, viscosity, drying
temperature, and gas flow rate all influence the final morgyl8pherical particles were ob-
tained under conditions of small droplet size with large simall colloidal particle sizes. On the
other hand, toroidal particles were produced from larg@lets, at high temperatures and high
gas flow rates. Larger colloidal silica sub-micron partgtéutions (250 and 500 nm) with high
monodispersity have also been spray dried to form sphexgglbmerates using small colloidal
silica nanoparticles (25 nm) as a binder [6]. This resultedgglomerates with a bimodal pore
size distribution, and increased overall specific surfaea.aSuch particles were used as model
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carriers in the heterogeneously catalyzed polymerizaifathylene. It was also observed that
the prepared model carriers showed similar activities taroercially available polymerization
carriers, despite their low surface areas, due to the fatthie polymerization process depends
on the geometrical and structural aspects of the carriéisrrghan on the specific surface area.
Agglomerated spherical silica particles have been dematest as a more suitable calibration
aerosol for testing the performance of high efficiency alerfd, substituting the more harmful
and expensive dioctylpthalate (DOP) patrticles [7]. Therab&ristics of the generated SiO
particles in terms of electrical mobility and light scaltey were investigated, and were found
to satisfy the requirements for a calibration aerosol, whthadded advantages of being cheap
and environmentally friendly.

Experimental procedure

Pressurized air (1.0 barg) at various specified flow ratedeehisito an ultrasonic nebulizer, and
the generated droplets were carried out in the form of a finesaé(see Figure 4.2 for schematic
of the experimental apparatus). This aerosol was subs#dyuet into a silica-gel drier, and
then into a heated aerosol reactor resulting in a fine pataclen aerosol. These fine particles
were continuously collected on the collection filter whose$ing was maintained at 6C to
prevent condensation of water. The entire system was auewaider constant flow conditions
maintained with the help of a membrane pump placed at the etitecollection filter. The
powder collected on the filter paper was scraped off for userther characterization.

Characterization

Nitrogen adsorption-desorption isotherms were measured Quantachrome Autosorb-6B
sorption analyzer at 77 K. Prior to the isotherm measurespéiné samples were vacuum de-
gassed at 150C overnight. Scanning electron microscopy (SEM) imagesvadrtained us-
ing a JEOL JSM 6500F electron microscope. Transmissionreleaicrographs (TEM) were
recorded using a Philips CM30T electron microscope with B¢LBlament as the electron
source, operated at 300 kV. A small amount of sample was disgen ethanol and samples
were mounted on a microgrid carbon polymer, which was fixed oapper grid.

Results and Discussion

A stable colloidal silica nanoparticle suspension (Ludd4-30) with average particle size of
7 nm was obtained from Sigma Aldrich. The precursor solutias prepared by diluting the
colloidal silica nanoparticle solution with deionized e&to concentrations of 0.1 or 1.0 mol/l
before spraying.

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

S.No. Conc. Q, Furnace temperature setpoit€] Textural properties

[mol/l] [I/min] Zonel Zone?2 Zone 3 SBET Vi dpsn
[m?/g] [cm?/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 15 100 150 200 197 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 surfaze e total pore volume, and the
BJH pore size of samples NS-1 and NS-2 are in good agreentioaiimg good reproducibility
of the results.

Using a precursor concentration of 1.0 mol/l and fixing then&ece temperature at 20C re-
sulted in particles with a BET surface area of 133grand a total pore volume of 0.27 éfg.

Figure 1 shows the pore size distribution of NS-1 obtaineayyylying the BJH model to the
adsorption branch of the isotherm, which indicated thegares of a uniform pore network with
a BJH pore size of 8.3 nm. This pore size can be attributedetantierparticle spacing due to
the close packing of the individual nanoparticles. Adaitity, the desorption branch of the
nitrogen adsorption indicates that the internal pore siineds 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 molfettuce the overall spray dried
particle size. This resulted in an increase in BET surfaea af the final products to 2622y

(NS-3) and slight increase in the pore volume to 0.38/gmat similar experimental conditions.
Additional experiments were performed by varying the eargas (air) flow rate. Decreasing
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TU Delft OkY  X7,500 1um WD 3.9mm

TU Delft SEI 15.0kY X160,000 100nm WD 3.3mm

Figure 2: (a) and (b) SEM images of sample NS-1

the flow rate from 2.0 to 1.5 I/min results in a decrease in BEifage area from 262 ffg

to 197 nt/g, but then again increases to 272/gwith further decrease in the flow rate to 1.0
I/min. A similar trend is also observed with the total pordwnoe of the products. Compared
to NS-1, the samples synthesized using a low precursor ntmaten (NS-3 to NS-5), do not
possess a uniform pore network, and instead contain a moellér 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 resalteétively smaller number of
particles forming the packing, and leading to a not so weiheéel pore structure.



100 APPENDIX A

The morphology of the agglomerated particles can be seem $8M images (Figure 2). The

particles are mostly spherical in nature with a fairly snimootorphology. This is due to the

spherical nature of the droplets, which, on evaporatiooh gaoduce particles with the same
shape. The size of the produced particles varies from thensunbn range to a couple of mi-

crons. A size distribution in the final product is observee do the distribution of droplets

generated from the nebulizer. Figure 2b shows the aggldioeraf the particles resulting

from close packing of primary silica nanopatrticles heldgibgr by weak Van der Waals forces.
Such a close packing leads to the pore network propertiesunag by nitrogen adsorption.
Additionally, the silica surface might contain isolateddnyxyl groups, which, during evapora-
tion, would condense by dehydration, further cross-ligkime surface in the form of -Si-O-Si-
bonds.

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

The ultrasonic nebulizer was successfully used to genertesols from nanoparticle silica
solutions to eventually produce nanoparticle agglomenratth 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 + al*x1l + a2*x2 + a3*x3 + ad*x4 ..
% + all*x1.”2 + a22 *x2.72 + a33 *x3.72 + ad44 *x4.72 ...

% + alzx1. *x2 + al3 *x1. *x3 + ald xx1. *x4 + ...
% + a23x2. *x3 + a24 *x2. *x4 + a34 *x3. *x4,

%Coefficients

%a0 = a(l); al = a(2); a2 = a(3); a3 = a(4); a4 = a(b);
%all = a(6); a22 = a(7); a33 = a(8); a44 = a(9);

%al2 = a(10); al3 = a(1ll); ald = a(12);

%a23 = a(13); a24 = a(14); a34 = a(15);

%Coefficients_Regressionl 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/TEOCS , x2 = T [1],

%x3 = H20/TEOS [-], x4 = EtOH/TEOS [-]
x10=0.0095; x20=310; x30=10.1; x40=25.6;
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xImin = 0.008; x1max = 0.02; x1d = 0.0002;
xlrange = [x1min:x1d:x1max];

x2min = 100; x2max = 350; x2d = 50;
x2range = [x2min:x2d:x2max];

Xx3min = 5; x3max = 40 ; x3d = 1;
x3range = [x3min:x3d:x3max];
x4min = O; xdmax = 25 ; x4d = 1;

x4range = [x4min:x4d:x4max];
%Different Contour plots

%For x = P123/TEOCS [-], y = T [deg C]
x3 = x30;

x4 = x40;

[x1,x2] = meshgrid(xlrange,x2range);

z = RegressEqgn(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
colormap cool

xlim([xImin x1max])

ylim([x2min x2max])

title(H_20O/TEOS [-] = ’,num2str(x30), ...

', EtOH/TEOS [-] = ’,num2str(x40)])
xlabel(P123/TEOS [-])

ylabel('T [‘oC])

text(0.01,240, 'S _{BET} [m"2/g])

hold on

%For x = P123/TEOS [-], y = H20/TEOS
x2 = x20;

x4 = x40;

[x1,x3] = meshgrid(x1lrange,x3range);

figure

z = RegressEqgn(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
colormap cool

xlim([xImin x1max])

ylim([x3min x3max])

title('T ["oC] = ’,num2str(x20),,...
EtOH/TEOS [-] = ’,num2str(x40)])
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xlabel(P123/TEOS [-])
ylabel(’H_20/TEOS [-])
%text(0.012,25, 'S {BET} [m™2/qg])
hold on

%For x=P123/TEQOS, y=EtOH/TEOS
X2 = x20;

x3 = x30;

[x1,x4] = meshgrid(x1lrange,x4range);
figure

z = RegressEqgn(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
colormap cool

xlim([xImin x1max])

ylim([x4min x4max])

title([T [[0C] = ’,num2str(x20),’,...
H_20/TEOS [-] = ’, num2str(x30)])
xlabel(P123/TEOS [-])
ylabelCEtOH/TEOS [-])

text(0.015,25, 'S _{BET} [m"2/9])

hold on

%For x = T [deg C],y = H20O/TEOS
x1 = x10;

x4 = x40;

[x2,x3] = meshgrid(x2range,x3range);
figure

z = RegressEqgn(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
colormap cool

xlim([x2min x2max])

ylim([x3min x3max])

title((P123/TEOS [-] = ’,num2str(x10),’,...
EtOH/TEOS [-] = ’, num2str(x40)])
xlabel('T [‘oCJ)

ylabel('H_20/TEOS [-])

text(200,25, 'S _{BET} [m"2/qg])

hold on

' 250)

' 250)
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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
colormap cool

xlim([x2min x2max])

ylim([x4min x4max])

title((P123/TEOS [-] = ’,num2str(x10),’,...
H _20/TEOS [-] = ', num2str(x30)])
xlabel('T [0C])

ylabelCEtOH/TEOS [-])

text(300,15, 'S_{BET} [m"2/g])

hold on

%3D Contours

figure

contour3(x2,x4,z)

surface(x2,x4,z,’EdgeColor’,[.8 .8 .8],’FaceColor’,’'n
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 = RegressEqgn(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
colormap cool

xlim([x3min x3max])

ylim([x4min x4max])

APPENDIX B
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title((P123/TEOS [-] = ’,num2str(x10),’,...
T [oC] = ’,num2str(x20)])
xlabel('H_20/TEOS [-])
ylabelCEtOH/TEOS [-])

text(25,15, 'S_{BET} [m"2/g])

hold on

RegressEgqn.m
function f = RegresskEqgn(a, x1, x2, x3, x4)

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

a0 = a(l); al = a(2); a2 = a(3); a3 = a(4); a4 = a(b);
all = a(6); a22 = a(7); a33 = a(8); a44 = a(9);

al2 = a(10); al3 = a(11); al4 = a(12),

a23 = a(13); a24 = a(14); a34 = a(l5);

f=a0 + al *x1 + a2*x2 + a3*x3 + ad*x4 ...
+ all*xx1."2 + a22 *x2."2 + a33 *x3."2 + ad44 *x4.2 ...
+ al2*x1. *x2 + al3*x1l. *x3 + ald4 =x1. *x4 + ...
+ a23*x2. *Xx3 + a24 *x2. *x4 + a34 *x3. *x4,
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Samenvatting

Aerosol Gebaseerde Synthese van Nanogestructureerd Sdic

Ondanks de vele toepassingen van zeolieten, in het bijzaadekrakingskatalysator, is er

een duidelijke behoefte om de diffusie van vooral groterdesden in deze materialen te

versnellen. Het diffusieprobleem is het gevolg van de ldgioriegrootte van de kristallijne

aluminosilicaten. Dit heeft geleid tot de ontdekking vamgkende mesoporeuze silica’s met
grotere mesoporién, waarvan de poriegrootte op een geteertde wijze gevarieerd kan wor-

den. Zij worden daarom soms beschouwd als ideale, ratiamtelerpbare katalysatordragers.
Zij hebben dan ook veel aandacht getrokken van de wetengehifgp gemeenschap, vanwege
veelzijdige toepassingen als katalysatoren, sensordeyialan met een lage diélektrische con-
stante, optische golfdragers en microstromingsapparaten

De eerste hoofdstukken van dit proefschrift (Hoofdstuk 2)dpetreffen de sol-gel synthese van
nanogestructureerde SBA-15 materialen met hexagonaalley@tde grote mesoporién. Deze
materialen hebben door de grotere wanddikte van de porifteteme thermische stabiliteit in
de aanwezigheid van water dan MCM-41. Verscheidene mbiemaet unieke morfologie wer-
den gesynthetiseerd door het variéren van een enkele peramamelijk de roersnelheid, tij-
dens de synthese in aanwezigheid van een zwak EythQ,. Onder statische condities wordt
een dunne film materiaal verkregen op het lucht-water gtaksverwijl zich op de bodem
een hiérarchische poreuze cake vormt met meso- en magopbestaande uit dichtgepakte
deeltjes. Wanneer langzaam geroerd wordt, vormen zichdisintet een lengte van enige hon-
derden micrometers en een dikte van minimaal 50 micromB&ze bundels bestaan uit lange
draden, welke aan elkaar gehecht zijn. Materialen welkeagdwrzijn onder krachtig roeren,
vertonen een vezelachtige morfologie en nadere studiikatdat de fibers opgebouwd zijn
uit individuele segmenten. Alle materialen zijn geordepdnanoschaal en hebben een hoog
specifiek BET oppervilak, zoals bevestigd met respecti@¥RD en stikstofadsorptie metin-
gen. Transmissie elektronen microscopie (TEM) opnamereeardoorgesneden sectie van de
dunne laag tonen aan dat de kleine kanalen parallel aan pet\dgk lopen. Het is daarnaast
interessant dat de bundels blijken opgebouwd te zijn uinkl&analen welke parallel aan de
lange as georiénteerd zijn. De verschillende afschuifsipgen welke optreden tijdens de ver-
schillende roercondities beinvloeden de vorm en de agtjeegan de micellen, alsook de groei
van de mesoporeuze fase aan het silica-surfactant gr&nsdiardoor worden verschillende
morfologieén verkregen. De aanwezigheid van fosfor in eleafrineerde SBA-15 materialen,
zoals aangetoond met XRF analyses, is verantwoordelijkiveiere Brgnsted-zure eigenschap-
pen. Dit maakt deze materialen veelbelovende heterogaaky&atoren voor processen waarin
Bregnsted-zure eigenschappen vereist zijn.

107



108 SAMENVATTING

PFG-NMR metingen uitgevoerd aan de SBA-15 vezels en burmgsen beter inzicht in de
diffusie-eigenschappen van deze materialen. De verptgat&n nitrobenzeen in de meso-
poreuze bundels kan goed worden beschreven door een motlebnstante diffusiviteit. Dit
betekent dat over de waargenomen verplaatsing yam 4 de lengterichting, de moleculaire
verplaatsing niet wordt gehinderd door transportbepgeiin De kanalen zijn deels doorlaat-
baar, wat in overeenstemming is met het feit dat de wand veé®B#e15 mesoporién micro-
poreus is. In de bundels blijkt de verplaatsingssnelheadiecht op de lengterichting van de
kanalen toe te nemen bij langere analysetijd. Dit suggedseafwezigheid van een perfecte
poriestructuur over afstanden vaprh, waardoor verplaatsingen loodrecht op de lengterichting
van de kanalen wordt gestimuleerd. In de vezels blijkt diusii in beide gevallen in geringe
mate af te nemen met toenemende analysetijd, wat duidt operiaagde verplaatsing over
grotere afstanden. Dit is in tegenstelling tot de waarngerinn de bundels. Er is een duideli-
jke correlatie met de morfologie van de vezels, welke opgelibzijn uit korte segmenten
waardoor insluiting optreedt in een kleinere ruimte danarbdndels.

Synthese van silica’s met een ordening op “meso-niveaultvimeestal plaats via de sol-gel
techniek, waarbij enkele dagen benodigd zijn om het uiddifkd gestructureerde product te
verkrijgen. Een alternatieve, recentere wijze van syigbetn is zelfassemblage via verdamp-
ing van aerosolen (EISA). Deze techniek maakt de continogyatie van poreuze silica deelt-
jes met een controleerbare morfologie en poriegrootteanhgs enkele seconden mogelijk.
Een apparaat is ontworpen en gebouwd bestaande uit eervelraewelke kleine aerosol-
deeltjes produceert, welke door een verwarmde buisovedemogetransporteerd, waarbij de
deeltjes worden gevormd. Het eindproduct wordt verzamelééen membraanfilter. In dit
type experimenten is er een groot aantal veranderlijkenelatteindelijke eigenschappen van
het product mogelijk beinvloedt. De vraag is vervolgenskevdcombinatie van) variabelen
tot welke morfologie leiden en welke de grootste invioedidest? Om deze variabelen te on-
derzoeken is een nauwkeurige statistische methodologgepast, waardoor het aantal experi-
menten sterk kan worden teruggedrongen. Een heldere, reoraagire oplossing bestaande uit
een organosilicaat (TEOS) en een drie-blok copolymeer3pP4l2 templaat wordt geatomiseerd
tot een aérosol, dat vervolgens door de verwarmde oventvgaidansporteerd, zoals hier-
boven beschreven is. Silica en micellen, opgebouwd uit imigiete actieve stof, ondergaan
een zelfassemblageproces waarbij gelijktijdige hydmlga condensatie van TEOS optreedt.
Dit resulteert in een organisch-anorganisch composielciiigaing bij hoge temperatuur leidt
tot nanoporeuze silica deeltjes met een gelaagde of heabgstructuur. De experimenten
zijn gebaseerd op een factorial design methode, voor een geeetailleerde studie naar de
effecten van de samenstelling van de beginoplossing etorgamperatuur op de uiteindelijke
eigenschappen van het gesynthetiseerde materiaal. Délaedrenaakt het mogelijk om geli-
jktijdig de invloed van verschillende variabelen te ondedzen. Dit heeft grote voordelen ten
opzichte van de traditionele wijze van experimenteren aityge materialen, waarbij slechts
één variabele per keer gewijzigd wordt. Hierdoor wordtrhegelijk om een groter bereik aan
experimentele condities te onderzoeken om op die manieredkeljke trends (universeel of
lokaal) te belichten welke vaak aan misinterpretatie omehag zijn in de conventionele wijze
van experimenteren. Deze benadering heeft aangetoondedatdlgiende variabelen signifi-
cant zijn: P123/TEOS blijkt een maximaal effect te hebberhepspecifiek BET oppervlak,
gevolgd doorH,O/TEOS, temperatuur en EtOH/TEOS. P123 en ethanol hebberanke-
langrijk gecombineerd effect. De temperatuur heeft in gligng met andere variabelen een
maximale invloed op het poriénvolume. Het gebruik van oard heeft geleid tot de iden-
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tificatie van meerdere condities voor het verkrijgen van leemodigd specifiek opperviak en
poriénvolumeN, adsorptie-experimenten laten zien dat een hoge P123/TE®Swding leidt
tot deeltjes met een brede poriéndistributie. Lagereastingen bevorderen de vorming van
een netwerk met uniforme poriéngroottes. De ordening \@&nahostructuur is opgehelderd
met behulp van rontgendiffractie (XRD) en transmissi&itnenmicroscopie (TEM). Bij ma-
terialenonderzoek blijkt de synthese vaak te bestaan nibaatal stappen met verschillende
experimentele variabelen welke ieder geoptimaliseendai¢e worden om het gewenste prod-
uct te verkrijgen. Dit wordt vaak uitgevoerd via een arbeitsieve, zogenaamde ‘trial and
error aanpak. Door gebruik te maken van de hier beschree@mteken kan men het aan-
tal variabelen identificeren en minimaliseren, of combesavan variabelen vinden welke een
significant effect hebben op de eigenschappen van het ayaldezmateriaal. Deze informatie
kan vervolgens gebruikt worden als basis voor vervolgerparten om de kwaliteit van het
materiaal te verbeteren, door deze variabelen te optiarahs Bovendien kunnen de afgeleide
empirische gegevens dienen als basis voor het verder lgde modellering van een complex
proces zoals EISA.

Een grote sproeidroger bij Albemarle Catalysts is gebraiktnieuwe mesoporeuze silica en
silica-alumina materialen te synthetiseren via zelfasdage van silica en alumina deeltjes,
waarbij P123 als structuurvormer is gebruikt. Dit procedtleot een amorf materiaal dat opge-
bouwd is uit gepakte silica en alumina nanodeeltjes. We éreldien zien dat de poriéngrootte
van deze materialen voornamelijk wordt bepaald door dedwibeid structuurvormer en dat de
grootteonafhankelijk is van de silica-alumina verhouding van de materialen. iBitstesten
bij extreme condities (100% stoom en een temperatuur varfC8@edurende 20 uur) toon-
den aan dat de gesynthetiseerde mesoporeuze materialendsaporeuze structuur groten-
deels behouden. Dit is duidelijk beter dan de kristallijnesoporeuze aluminosilicaten welke
gewoonlijk in de literatuur worden beschreven. Katalfisactiviteitstesten, gebaseerd op de
conversie van tri-isopropyl benzeen (TiPB) hebben aamngetalat de activiteit van de materi-
alen afhankelijk is van de silica/alumina verhouding. IBigar kan, door gebruik te maken van
nanobouwstenen bestaande uit silica en boehmiet, detaitivan het opperviak ten aanzien
van TiPB aangepast worden. Deze resultaten bieden nieusegotieven voor de synthese van
krakingskatalysatoren, aangezien de katalytische &atilijkbaar ontkoppelbaar is van de
poriegrootte. Een structuurvormer (bijv. P123 in dit orzdek, maar ook andere kunnen wor-
den gebruikt) kan worden toegepast om de mesoporiéngraatite passen, terwijl de activiteit
kan worden beinvloed door de silica/alumina verhoudingetanderen. Met deze techniek kan
de toegankelijkheid van de katalysator en de reactivitait et opperviak onafhankelijk wor-
den ontworpen om op deze wijze tegemoet te komen aan de eisezen specifieke voeding.
Het is zeker de moeite waard om deze templaatmoleculenpgeld aan industriéle silica en
alumina basismaterialen, te onderzoeken. De toegepéis®aumina verhouding blijkt ook
de activiteit te beinvloeden. We speculeren dat dit woedbgrzaakt door de vorming van kat-
alytisch actieve silica-alumina materialen op het gremiswiaar de silica en alumina deeltjes
elkaar raken. Het is waarschijnlijk lonend om verschillebéschikbare industriéle bronnen van
silica en boehmiet te onderzoeken om zo hun effect op deivaittvan de gesynthetiseerde
materialen vast te stellen.

Tot slot is een aanzet gemaakt om via een aérosolmethodeosieten te synthetiseren bestaande
uit zeoliet nanokristallen verankerd in een mesoporeustenoDit omvat eerst de synthese van
de precursor bestaande uit ZSM-5 nanokristallen welke mvesgerige oplossing zijn gedis-
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pergeerd. Indien deze suspensie samen met een P123 oglossiit verneveld, leidt dit tot
een insluiting van de nanokristallen in het mesoporeuzsteno De gesynthetiseerde com-
posieten bevatten grote mesoporién van ca. 30 nm met egief&rede distributie en een hoog
poriénvolume van 1.0 cify. Rontgendiffractiepatronen bevestigen de aanweikighea ZSM-

5 eenheden in de composietmaterialen. Dit zou een sterlenafim diffusielimitaties moeten
opleveren. Deze materialen met een verbeterde toegadiaatl, gecombineerd met de zure
eigenschappen van ZSM-5 kristallen, zullen serieuze kiatein zijn om grotere moleculen te
kraken.

Dit proefschrift laat zien dat de aérosolmethode de sygd#tiel van interessante mesoporeuze
materialen en zeoliet/mesoporeuze composieten in vikigglimet de traditionele sol-gel syn-
theseroute sterk verkort. Een homogene startoplossinegroigedispergeerde suspensie, kan
worden gebruikt om in enkele seconden een brede verzanmedimgnaterialen te produceren.
Het is zeker waardevol om in meer detail de synthese van mesape ZSM-5 composieten te
bestuderen door de Si/Al verhouding te variéren en de zaadyjvan het mesoporeuze netwerk
te sturen, toegespitst op de vereiste toepassingen.
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