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Zusammenfassung

Die vorliegende Doktorarbeit befasst sich mit der Charakterisierung und Herstellung

nanoskaliger Partikel in Aerosol-Flammenreaktoren, insbesondere in Sprühflammen.

Während bei den zunächst untersuchten konventionellen Flammenreaktoren der Schwerpunkt

auf der Herstellung sogenannter „massgeschneiderten" Partikeln liegt, richtet sich das

Hauptaugenmerk der Sprühflammenreaktoren auf die kontinuierliche Herstellung von

Partikeln bei hohen Produktionsraten sowie auf die Untersuchung des Partikelwachstums.

Hierzu werden experimentell ermittelte Daten mit den Ergebnissen eines numerischen Models

verglichen.

Im ersten Kapitel wird die Herstellung von Siliziumoxidpartikeln für Polymer-Nano-

Verbundwerkstoffe in einem Methan/Sauerstoff Diffusionsflammenreaktor untersucht.

Mittels Fourier-Transform-Infrarot (FTIR) Spektroskopie werden axiale Flammen¬

temperaturen sowie die Brennstoff-Umwandlung des Si02-Ausgangsstoffes

(Hexamethlydisiloxan) gemessen. Zur Bestimmung des Agglomerationsgrades wird

Röntgenkleinwinkel Streuung (SAXS) eingesetzt und mit Transmissions-Elektronen-

Mikroskopie (TEM) Untersuchungen verglichen. Nichtagglomerierte Siliziumoxidpartikel mit

Primärpartikeldurchmessern von 44 bis 78 nm können bei einer Produktionsrate von 17 g/h

und niedrigem Oxidationsstrom oder bei SiÛ2 Produktionsraten von 9 g/h hergestellt werden.

Kleinere, hoch agglomerierte SiÛ2 Partikel werden bei hohem Oxidationsstrom und einer

Produktionsrate von 17 g/h hergestellt. Es zeigt sich, dass die unterschiedlichen

Morphologien der Produktpartikel durch die Verweilzeit und die Vollendung der Gas-zu¬

Partikel-Umwandlung in der heissen Flammenzone bestimmt werden.

Silziumoxidpartikel werden industriell zum Beispiel als Füller, Katalysatoren,

Trägerstoffe für Katalysatoren, Absorber und in der Chromatographie eingesetzt. In diesen

Anwendungen sind die Oberflächeneigenschaften der Partikel von grosser Bedeutung um die

physikalisch-chemischen Wechselwirkungen zu verstehen. Deshalb wird im zweiten Kapitel

der Schwerpunkt auf die Oberflächencharakterisierung von Silizium- als auch

Titanoxidpartikeln gerichtet. Thermogravimetrisehe Analyse (TGA), gekoppelt mit

massenspektrometrischer Analyse sowie mit einem C02-Sensor, wird benutzt, um die Dichte

von Hydroxylgruppen an der Partikeloberfläche sowie den Russgehalt bestimmter SiÛ2 und

TiÛ2 Partikel zu untersuchen, welche mittels Gasphasensynthese und nasschemischem
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Verfahren hergestellt worden sind. Es zeigt sich, dass mittels TGA eine Unterscheidung von

physikalisch adsorbiertem und chemisch gebundenem Wasser möglich ist. Indem die TGA

mittels LiAlH4 Titrationsdaten kalibriert wird, lässt sich die OH-Gruppendichte auf einfache

Weise bestimmen. Die so ermittelte Dichte von Hydroxylgruppen von selbsthergestellten und

kommerziell erhältlichen Pulvern wird mit weiteren Titrations- und Literaturdaten verglichen.

Zusätzlich lassen sich Russgehalt und Verunreinigungen der Pulver ermitteln. Dabei zeigt

sich die hohe Reinheit der Partikel, welche in der Gasphase hergestellt werden, währendem

die Herstellungsbedingungen bei dem nasschemischen Verfahren stark die Reinheit der

Partikel beeinflussen.

Im dritten Kapitel wird die kontinuierliche Herstellung von Siliziumoxidpartikeln

mittels Flammen-Sprühpyrolyse in einer Pilotanlage bei Produktionsraten von bis zu 1.1 kg/h

untersucht. Der Einfluss des Dispersionsgasstroms sowie der Hexamethyldisiloxan-Flussrate

(Produktionsrate) und Konzentration wird systematisch untersucht, wobei der Primärpartikel¬

durchmesser zwischen 10 und 75 nm kontrolliert wird. Zudem wird der Sprühflammenprozess

mit dem etablierten Gasphasenprozess verglichen.

Aufbauend auf den Ergebnissen der Sprühflammensynthese von SiÛ2 wird dieser

Prozess weiterentwickelt und für die Herstellung von Zirkoniumoxidpartikel angewendet. Das

Hauptaugenmerk liegt auf den Einflussparametern Produktionsrate (bis zu 600 g/h), Precursor

Konzentration und Dispersionsgasfluss. Die Produktpartikel werden mittels

Stickstoffadsorption (BET), RöntgenStrahlenbeugung (XRD) und TEM charakterisiert, wobei

der Primärpartikeldurchmesser zwischen 6 und 35 nm kontrolliert wird. Die

Phasenzusammensetzung der hergestellten Zirkoniumoxidpartikel besteht hauptsächlich aus

der tetragonalen (80-95 Gew.-%) und der monoklinischen Phase, wobei die tetragonale

Kristallgrösse sehr nahe bei dem gemessenen durchschnittlichen Primärpartikeldurchmesser

liegt, was auf schwache Agglomeration des Produktpulvers hindeutet.

Ferner wird im fünften Kapitel das Partikel- und Agglomeratwachstum in der

Sprühflamme für Produktionsraten von 100 und 300 g/h mittels thermophoretischer

Probenahme und simultaner infrarotspektroskopischer Messung von Flammentemperatur-

profilen untersucht. Die durch statistische Auswertung von TEM-Bildern experimentell

gewonnen Daten werden mit einem Aerosol-Partikelwachstumsmodell, das Koagulation und

Sintervorgänge berücksichtigt, verglichen, wobei die Tropfenverdampfung vernachlässigt

wird.
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Summary

The scope of this thesis is the characterization and synthesis of nanostructured particles by

vapor and liquid-fed aerosol reactors. Emphasis is placed on synthesizing tailor-made

nanoparticles in vapor-fed reactors while in liquid-fed reactors the focus is on the controlled

synthesis and continuous production of nanoparticles at high production rates as well as the

study of particle growth inside spray flames. These results are compared to the prediction of a

numerical model for particle dynamics in spray flames.

The synthesis of non-agglomerated fumed silica nanoparticles for polymer

nanocomposites in a methane/oxygen diffusion flame aerosol reactor is investigated in the

first chapter. Axial flame temperatures and fuel conversion are measured in SiÛ2 particle-

laden diffusion flames with Fourier transform infrared (FTIR) spectroscopy, while the degree

of agglomeration of the product powder is quantitatively determined by ultra small angle

X-ray scattering (USAXS) and is confirmed by transmission electron microscopy (TEM).

Precisely controlled, non-agglomerated silica particles having an average primary particle

diameter of 44-78 nm are made at low silica production rates of 9 g/h or at low O2 flow rates

at silica production rates of 17 g/h while smaller and highly agglomerated particles are made

at high O2 flow rates at silica production rates of 17 g/h. It is found that the differences in

morphology result from the completion of gas-to-particle conversion and from the onset of

steep cooling in the flames that determines the duration of full coalescence.

Silica powders are widely used in industry as fillers, catalysts, catalyst supports,

adsorbents, and chromatographic agents, to name just a few. In each of these applications,

knowledge of the surface properties is required in order to understand the physicochemical

principles involved. Therefore, in the second chapter, emphasis is placed on the

characterization of silica and titania powders. Thermogravimetric analysis (TGA) coupled

with a mass spectrometer (MS) and a CO2 sensor is investigated for determination of the

OH surface density (OH/nm2) and carbon content of silica and titania powders made by flame

aerosol and sol-gel processes. It is shown that it is possible to distinguish between physically

adsorbed and chemically bound water and to rapidly determine the OH surface density even

for small powder samples (< 0.2 g) by TGA calibrated with LiAlH4 titration data. Using

laboratory-made and commercially available powders, the TGA obtained OH/nm2 is

confirmed by additional titration data and compared with literature values from other
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methods. Furthermore, it is possible to determine the carbon content of the powders. Thereby,

it is shown that flame-made powders have high purity while the preparation conditions of sol-

gel powders greatly affect their purity.

Scaling-up of nanoparticle synthesis by the versatile flame spray pyrolysis (FSP)

process is investigated in the third chapter. For the first time, controlled synthesis of silica

nanoparticles at high production rates (up to 1.1 kg/h) is systematically studied using a

commercial baghouse filter unit for particle collection. The effect of powder production rate,

dispersion gas flow rate, and precursor (hexamethyldisiloxane) concentration on product

particle size, morphology, and carbon content is investigated. The product primary particle

size is precisely controlled from 10 to 75 nm and compared to a well-established vapor-fed

flame aerosol reactor.

This work is continued in the fourth chapter studying zirconia nanoparticle synthesis by

FSP at high production rates. The focus is on the size control of ZrÛ2 nanoparticles by

varying production rate (up to 600 g/h), precursor concentration, and dispersion gas flow rate.

The product powder is analyzed with nitrogen adsorption (BET), X-ray diffraction (XRD),

and TEM. The primary particle size of ZrÛ2 is controlled from 6 to 35 nm while the crystal

structure consists of mostly tetragonal phase (80-95 wt%) with the balance being monoclinic

at all process conditions. The tetragonal crystal size is close to the primary particle size

indicating weak agglomeration of single crystals.

This work is extended in the fifth chapter investigating ZrÛ2 nanoparticle and

agglomerate growth inside spray flames at production rates of 100 and 300 g/h by in-situ

thermophoretic sampling (TS) and image analysis of TEM pictures. At each TS location, the

corresponding temperature of the particle-laden spray flame is measured by FTIR

spectroscopy while the final product powder is analyzed by nitrogen adsorption and TEM.

The evolution of ZrÛ2 primary and particle size distribution in spray flames is presented and

explained quantitatively by an aerosol model accounting for coagulation and sintering.
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1. Non-agglomerated dry silica nanoparticles

Abstract

Silica nanoparticles for polymer nanocomposites are made by oxidation of

hexamethyldisiloxane (HMDSO) in methane/oxygen diffusion flames. The flame temperature

is measured by in-situ Fourier transform infrared (FTIR) spectroscopy while the degree of

agglomeration of the product powder is quantitatively determined by ultra small angle X-ray

scattering (USAXS) and is confirmed by transmission electron microscopy (TEM). Precisely

controlled, non-agglomerated silica particles having an average primary particle diameter of

44-78 nm, as determined by N2 adsorption and TEM, are made at low silica production rates

of 9 g/h or at low O2 flow rates at silica production rates of 17 g/h while smaller and highly

agglomerated particles are made at high O2 flow rates at silica production rates of 17 g/h. The

differences in morphology result from the completion of gas-to-particle conversion and from

the onset of steep cooling in the flames that determines the duration of full coalescence.

Nanocomposites with dimethylacrylate polymers are made using non-agglomerated silica

particles and compared to the ones made with commercial silica.

1.1. Introduction

The degree of agglomeration is an important quality index in a number of applications. For

example, agglomerated nanostructured particles are needed in manufacture of fillers,

catalysts, lightguide performs, and for filamentary nickel. In contrast, non-agglomerated

nanoparticles (dp < 200 nm) are needed in ceramics, composites, and electronics (Pratsinis,

1998). Typically non-agglomerated particles are made by wet chemistry. These processes

tend to be costly and may give powder of limited consistency during large scale manufacture

as they involve many process steps (Pratsinis and Mastrangelo, 1989). Furthermore, these

particles may contain impurities (e.g. surfactants) requiring further post-processing (Chen et

al., 1998).

Flame technology is attractive for manufacture of solid and rather narrowly distributed

particles as it is used to make carbon black, fumed silica, pigmentary titania, and other oxide
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particles on an industrial scale (Ulrich, 1984). As these particles form and grow, they evolve

through various morphologies including perfectly spherical particles as it has been

theoretically outlined (Katz and Miquel, 1994) and experimentally demonstrated by

thermophoretic sampling of titania and alumina particles in counterflow diffusion flame

reactors (Hung et al., 1992; Xing et al., 1996). The end product of flame reactors, however,

tends to be agglomerated particles requiring grinding, limiting, thus, their applications

(Pratsinis, 1998). Nevertheless, rather large (80 - 300 nm) non-agglomerated titania particles

have been produced in single diffusion flames at atmospheric pressure by Pratsinis et al.

(1996) and Zhu and Pratsinis (1996) as it was shown by microscopy and confirmed

quantitatively by small angle X-ray scattering (SAXS) (Hyeon-Lee et al., 1998). In contrast,

silica particles made at the same conditions were agglomerated as the flame temperatures

were not high enough for the fumed silica to fully coalesce. Zhu and Pratsinis (1997) also

made weakly agglomerated silica particles of around 200 nm in a single diffusion flame using

O2 as oxidant as indicated by microscopy, but quantitative SAXS measurements were not

performed. Similarly, Glumac et al. (1998) reported the synthesis of non-agglomerated fumed

silica, titania, and alumina in low pressure flame reactors, but few microscopic or quantitative

measurements were made. Arabi-Katbi et al. (2001) showed the evolution of particle

morphology from fine agglomerates to spherical ones and eventually to product non-

agglomerated particles by thermophoretic sampling in premixed flames. Very recently,

Wegner et al. (2002) capitalized on this result to freeze particle growth using a burner-

quenching nozzle, collecting, thus, particles before reaching the region of final agglomeration.

Here, synthesis of non-agglomerated silica particles is investigated in a standard

diffusion flame reactor that can be readily scaled-up (Kammler and Pratsinis, 1999; Kammler

et al., 2001). Diffusion flame reactors are quite attractive for their flexibility to produce

particles with a broad spectrum of sizes and morphologies depending on reactant conditions

(Pratsinis, 1998). Fumed silica is selected here, as it is one of the most challenging materials

when it comes to synthesis of non-agglomerated nanoparticles. Non-agglomerated silica with

a primary particle diameter smaller than 100 nm is of great interest in dental nanocomposites

for replacing up to 60-70% of the conventional polymeric resins in dental fillings. Here,

flame-made silica particles of controlled agglomeration state are characterized by TEM, N2

adsorption, ultra small angle X-ray scattering (USAXS), and thermogravimetric analysis

(TGA). Furthermore, axial flame temperatures and fuel conversion are measured in SiÛ2

particle-laden diffusion flames with Fourier transform infrared (FTIR) emission/transmission

(E/T) spectroscopy.
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1.2. Experimental

7.27. Apparatus and temperature measurements

Figure 1.1 shows the experimental set-up. The silica precursor (HMDSO; Fluka Chemie AG,

Switzerland, 99%) is delivered by bubbling clean dry N2 (PanGas, Switzerland, > 99.999%)

through a fritted cylinder, placed in a 1 liter flask (Schott) filled up to 3A with HMDSO. The

flask is stored in a thermostated bath (Huber Kältemaschinenbau GmbH, Germany) to assure

stable HMDSO temperature and delivery. The carrier gas stream (N2) is fully saturated with

HMDSO (Boublik et al., 1984) as confirmed by weighing the flask before and after the long

term experiments. The tubing between the flask and the burner is heated with heating tape, at

least 20 K higher than the HMDSO flask temperature to prevent HMDSO condensation or

small droplet entrainment into the burner (Kammler and Pratsinis, 1999). The gases are

metered by calibrated rotameters (Vögtlin Instruments AG, Switzerland).

A stainless steel burner consisting of three concentric tubes is used. The inner diameter

of the center (first) tube is 4.8 mm, while the subsequent first and second annuli have inner-

outer diameters of 5.6-6.4 mm and 7.3-9 mm, respectively. The HMDSO-laden carrier N2 gas

and the CH4 (PanGas, Switzerland, > 99.5%) streams are delivered through the center tube

while O2 (PanGas, Switzerland, > 99.999%) is delivered through the second annulus.

Nitrogen is delivered between them through the first annulus to slightly lift the flame from the

burner mouth preventing, thus, particle deposition (Kammler and Pratsinis, 1999). In all

experiments the carrier gas and the fuel flow rate ranged from 0.7 to 2.9 1/min, the O2 flow

rate from 1.3 to 24 1/min, while the N2 in the first annulus was 0.5 1/min (at 25°C and

1.013 bar). The corresponding Reynolds numbers, Re = u-D/v, based on the overall burner

diameter, D, are in the range of 700 to 5100, where u and v are the velocity at the burner exit

and the kinematic viscosity of the reactant stream, respectively. Flame flickering is minimized

by enclosing the burner with a 250 mm long chimney (plexiglas, ID = 140 mm).

Small samples (~ 1 g) of product particles are collected with the aid of a vacuum pump

(Vacuubrand, RE 8) on a glass fiber filter (Whatmann GF/A) 150 mm in diameter located in a

stainless steel holder on top of the chimney. Larger samples (500 g) of product powder are

collected with four 60 cm long, 12 cm diameter PTFE (polytetrafluoroethylene, Teflon)

coated Nomex baghouse filters in a stainless steel filter house by an air suction ventilator
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(Meidinger AG, Switzerland, 1.5 kW, 50 Hz) controlled by a frequency transducer. The

particles are removed every 120 s from each one of the baghouse filters by air pressure shocks

using 5 bar absolute pressure. Powders collected in the baghouse filters over long time

(30 hours) were identical (same specific surface area and morphology) to the ones collected

on glass fiber filters over short periods (several minutes) when made at the same conditions.

Hood

Detector

30 mm

Diffusion

02 Burner

Detector N2/HMDSO

Fourier transform

infrared (FTIR)

spectrometer

Fig. 1.1: Experimental set-up for the synthesis offumed silica nanoparticles by oxidation of

hexamethyldisiloxane (HMDSO) in a methane-oxygen diffusionflame.

The flame temperature and fuel (CH4, HMDSO) conversion are measured by FTIR

spectroscopy (Fig. 1.1) operating a Bomem MB155S at 8 cm" spectral resolution co-adding

typically 256 scans for the transmission and emission (radiance) spectra (Morrison et al.,
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1997). Two pairs of identical paraboloidal mirrors guide the IR beam through the flame and a

0.2 cm iris at the first focal point defines the beam diameter in the flame center (second focal

point). Transmission and emission (radiance) spectra are collected with wide-band deuterated-

triglycine-sulfate (DTGS) detectors. The evaluation of the flame temperature is described in

detail by Kammler et al. (2002). From the integral (line-of-sight) transmission measurements

at the centerline of the flame, the conversion of the fuel is obtained at different heights above

burner (HAB) by comparing the unburned fuel absorption spectra (CH4 and HMDSO) at the

burner exit to the absorption spectra of fuel at each HAB in the region of 3200-2800 cm"1 and

1450-750 cm"1. The flame height is determined visually as the distance from the burner mouth

to the end of the luminous flame zone.

7.22 Characterization

The powder specific surface area (SSA) is determined from N2 adsorption and the average

primary particle diameter, dp, is calculated by dp = 6/(ppSSA), where pp is the density of SiÛ2,

2.2 g/cm (Kammler et al., 2001). Error bars always show two times the standard deviation of

multiple experiments.

The USAXS measurements are performed at the UNI-CAT facility of the Advanced

Photon Source, Argonne National Laboratories. The USAXS camera uses a Bonse-Hart

geometry instrument on the ID-33 beamline (Long et al., 1999). The incident beam is on the

order of 2 mm2 at the sample and samples are measured under ambient pressure. Data are

corrected for background and desmeared prior to analysis using the UNI-CAT software

"Indra" version 2 that uses the unified SAXS model (Beaucage, 1995). The mass fractal

dimension, Df, is obtained from the USAXS data by the negative slope of logarithmic

intensity, I, versus logarithmic scattering vector, q, in a power-law regime (Hyeon-Lee et al.,

1998).

Samples for TEM are prepared by dipping the carbon coated TEM grids (PLANO, W.

Plannet GmbH, Germany) into the collected powder without further treatment. The TEM

analysis is performed on a Hitachi H 600 electron microscope operated at 100 kV using

magnifications between 10 and 30 k. The composition of the collected powders is determined

by TGA (Kammler et al., 2001). Only perfectly white powders, indicating carbon free silica,
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were analyzed here. The visual indication of carbon free powders is cross-checked by TGA

coupled with a mass spectrometer (Kammler et al., 2001).

For preparation of the nanocomposites, the surface of the product silica powder (filler)

is treated with y-methacryl-oxypropyltrimethoxy silane to establish a good bonding between

the filler and the monomer matrix. This matrix is prepared by mixing bisphenol-A-

glycidyldimethacrylate (Bis-GMA), tri ethylenglycol dimethacrylate (TEGDMA), and

decandiol dimethacrylate (D3MA) at a ratio of 2:1.5:1 and dissolving 0.3% camphorquinone

(CQ) and 0.6% N,N-cyanoethylmethylanilin (CEMA). The fillers are added to the monomer

mixture by stirring under vacuum to make composites consisting of 18.3 wt% monomer,

22.7 wt% filler, 50.2 wt% prepolymer, and 8.8 wt% ytterbiumfluoride.

1.3. Results

Figure 1.2 shows pictures of particle-laden diffusion flames at O2 flow rates of a) 2.5,

b) 4.7, c) 8.5, d) 13.3, and e) 24 1/min at 1.4 1/min CH4 and 2.9 1/min HMDSO-laden N2 flow

corresponding to silica production of 17 g/h.

Fig. 1.2: Diffusionflames producing 17 g/h ofsilica using 1.4 l/min CH4, 2.9 l/min HMDSO-

laden N2flow, and O2flow rates ofa) 2.5, b) 4.7, c) 8.5, d) 13.3, ande) 24 l/min.
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Increasing the O2 flow rate above 2.5 1/min stabilizes and shortens the flame up to 65% at

24 1/min O2 flow rate. Early in the flame a bluish-white part can be seen (Fig. 1.2) indicating

the formation of silica particles as the Si-CH3 bonds of HMDSO split first. This part becomes

more and more transparent with increasing O2 flow rate as the silica aerosol in the flame is

diluted with the added O2 gas. At low O2 flow rates, the upper part of the flame is yellow

indicating that combustion of the hydrocarbon components of HMDSO is taking place along

with soot formation and oxidation. Increasing the O2 flow rate, the yellow part of the flame is

reduced and vanishes at 24 1/min O2 flow rate completely as enough O2 is provided for rapid

soot combustion.

Representative TEM-pictures of powders made in the flames shown in Fig. 1.2 are

presented in Fig. 1.3 as well as commercially available OX-50 powder (Degussa AG). Rather

big spherical particles with diameters of about 100 nm are made in flames at low oxidant flow

rates (Fig. 1.3a,b). The contours of these particles with limited necking (Fig. 1.3b) are clearly

shown indicating only a low degree of agglomeration in Fig. 1.3a-c. Large single, as well as

small agglomerated silica particles are observed when made at very low O2 flow rate

(Fig. 1.3a), while few small agglomerated ones are observed at slightly higher O2 flow rate

(Fig. 1.3b). At the highest O2 flow rates (13.3 and 24 1/min), only agglomerates of small

primary particles are made (Fig. 1.3d,e). The morphology of the OX-50 powder (Fig. 1.3f) is

similar to the powder made at 13.3 1/min O2 flow rate (Fig. 1.3d).

Figure 1.4 shows representative TEM-pictures of powders made at production rates of

9 g/h using 0.7 1/min CH4 and 1.4 1/min N2 flow rates for 1.3, 4.7, 11.4, and 24 1/min 02 flow

rates. Similar to the silica produced at 17 g/h (Fig. 1.3), rather big spherical particles with

diameters of about 100 nm are made in the flames with low O2 flow rates (Fig. 1.4a,b). Only a

low degree of agglomeration is observed in those powders. At O2 flow rates of 11.4 and

24 1/min, the primary particle size decreases, but still perfectly spherical large particles along

with small ones are observed at such O2 flow rates (Fig. 1.4c,d).

Figure 1.5 shows the BET-equivalent particle diameter of the product powder as a

function of O2 flow rate at silica production rates of 17 (diamonds) and 9 g/h (circles). For the

17 g/h production rate, the particle diameter of the product powder first increases from 44 to

78 nm with increasing O2 flow rate from 2.5 to 4.7 1/min and then decreases steadily down to

23 nm when increasing the O2 flow rate to 24 1/min. When the production rate is reduced to

9 g/h by keeping the HMDSO temperature constant but reducing the CH4 and N2 carrier gas

flow rates to 0.7 and 1.4 1/min, respectively, a similar trend is observed regarding the effect of

O2 flow rate on the BET-equivalent particle diameter. Here, the particle diameter increases
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from 71 to 85 nm with increasing O2 flow

continuously down to 18 nm when increasing

Fig. 1.3: Transmission electron micrographs

17 g/h with 1.4 l/min CH4 and 2.9 l/min N2flc

e) 24 l/min 02flow rates, andfl commercially 1

; from 1.3 to 2.5 1/min and then decreases

O2 flow rate to 24 1/min.

of silica nanoparticles at production rates of

w rates and a) 2.5, b) 4.7, c) 8.5, d) 13.3, and

wailable OX-50 powder (Degussa AG).



9

Fig. 1.4: Transmission electron micrographs of silica nanoparticles at production rates of

9 g/h with 0.7 l/min CH4 and 1.4 l/min N2 flow rates and a) 1.3, b) 4.7, c) 11.4, and

d) 24 l/min 02flow rates.

The USAXS measured average mass fractal dimensions, Df, for the Degussa Aerosil

200 and 380 are 2.2 ± 0.2 and 2.1 ± 0.1, respectively, which are typical for flame made

aerosols. The Df for OX-50 measured by USAXS was lower (Df= 1.6 ± 0.1) which could be

explained by the presence of more linear agglomerates with higher aspect ratios and less

branched structures compared to the Aerosil powders. The mass fractal dimension of the

agglomerated powders made here is 1.6 and 1.9 when made with 13.3 and 24 1/min O2 flow,

respectively, at silica production of 17 g/h in agreement with TEM (Fig. 1.3d,e). The Df for

OX-50 is identical to the powder made here at 13.3 1/min O2 flow rate which is in excellent

agreement with TEM (Fig. 1.3d,f). All other silica powders produced here (17 and 9 g/h) are

found to be non-agglomerated by USAXS. All powders produced in this study as well as the

commercial ones had smooth primary particle surfaces as indicated by the USAXS scattering

exponent of-4 (Schaefer and Hurd, 1990) at high q.
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Fig. 1.5: BET-equivalentparticle diameter as afunction ofO2flow rate atpowderproduction

rates of17 (diamonds) and 9 g/h (circles).

Figure 1.6a shows the absorbance spectra of the unburned CH4 (3200-2800 and 1400-

1250 cm"1) and HMDSO (2965, 1260, 1073, and 850 cm"1) as well as those of the combustion

products H20 (1800-1200 and 800-600 cm"1), C02 (around 2350 cm"1), and Si02 (around

1000 cm"1) and remaining unburned fuel (CH4 and HMDSO) at various HABs of the flame

shown in Fig. 1.2a. Clearly, it can be seen that with increasing HAB the absorption bands of

the fuel are decreasing indicating that the combustion of fuel is not completed up to 90 mm

HAB. Furthermore, with increasing HAB the CO2 peak is increasing as a result of the

progress of combustion. Figure 1.6b shows the conversion of fuel (CH4 and HMDSO) along

the burner axis (centerline) of the flames shown in Fig. 1.2. At 90 mm HAB the fuel is almost

completely converted for the 2.5 1/min O2 flow rate (diamonds) while complete conversion is
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achieved at 90, 70, 60, and 50 mm HAB using 4.7 (circles), 8.5 (squares), 13.3 (stars), and

22.7 1/min (triangles) O2 flow rates, respectively.

Figure 1.7a shows line-of-sight temperature profiles of diffusion flames (Fig. 1.2) along

the burner axis (centerline) for O2 flow rates of 2.5 (diamonds), 4.7 (circles), 8.5 1/min

(squares), 13.3 (stars), and 22.7 1/min (triangles) at silica production rates of 17 g/h. With

increasing HAB the flame temperature increases and reaches a maximum (around 2250 K) at

about 10 mm HAB for all O2 flow rates. The flame temperature of the 2.5 and 4.7 1/min O2

flames decreases slightly to around 2000 K after this maximum. Then, the flame temperature

is almost constant between 50-170 mm HAB while it is slightly higher for the 4.7 than the

2.5 1/min O2 flame. At higher locations (HAB > 175 mm) the temperature decreases

continuously for the 2.5 and 4.7 1/min O2 flames. The flame temperature of the 8.5 and

13.3 1/min O2 flames decreases much faster to around 1900 and 2000 K, respectively, at

30 mm HAB. Then, the flame temperature is constant up to 100 and 60 mm HAB for the 8.5

and 13.3 1/min O2 flames, respectively, and then starts decreasing continuously similar to the

2.5 and 4.7 1/min O2 flames. The flame temperature of the 22.7 1/min O2 flame is constant up

to 50 mm HAB at the maximum temperature and then decreases sharply. Figure 1.7b shows

line-of-sight temperature profiles of 9 g/h silica producing diffusion flames along the burner

axis (centerline) for O2 flow rates of 1.3 (diamonds), 4.7 (circles), 11.4 (squares), and

22.7 1/min (triangles). Similar to the profiles shown in Fig. 1.7a the flame temperature

increases and reaches a maximum at about 10 mm HAB for all O2 flow rates. The flame

temperature of the 1.3 and 4.7 1/min O2 flames is constant at this maximum flame temperature

between 10-80 and 10-50 mm HAB, respectively, while at higher locations the temperature

decreases continuously for both flames. The flame temperature of the 11.4 and 22.7 1/min O2

flames decreases continuously right after the maximum flame temperature is reached

(Fig. 1.7b).

A plateau of constant high temperature is about 2000 (Fig. 1.7a) and 2150 K (Fig. 1.7b)

for the 17 and 9 g/h silica producing flames, respectively. The carrier and fuel gas flow rates

are reduced by a factor of 2 when producing 9 g/h of silica. This leads to higher relative

velocities between fuel-precursor carrier gas (tube 1) and O2 streams (tube 3), thus, mixing is

intensified accelerating fuel combustion and leading therefore to higher, constant flame

temperature compared to the flames synthesizing 17 g/h of silica (Fig. 1.7). For all flame

configurations radial temperature profiles at constant HAB exhibit the typical M-shape

(Santoro and Miller, 1987) as long as the fuel-precursor conversion is not completed

(Fig. 1.6b).
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Fig. 1.6: a) FTIR absorption spectra of the unburned gases at the burner exit as well as that

of the flame (2.5 l/min O2, Fig. 1.2a) at various HABs. The spectra are shifted by 0.1 for

better visual observation.

b) Conversion offuel (CH4 andHMDSO) ofdiffusion flames producing 17 g/h ofsilica along

the burner axis (centerline) as afunction ofheight above burner (HAB) for O2flow rates of

2.5 (diamonds), 4.7 (circles), 8.5 (squares), 13.3 (stars), and 22.7 l/min (triangles) as

determined by integral FTIR transmission measurements through theflame center.
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Fig. 1.7: Average flame temperature along the burner axis (centerline) ofdiffusion flames as

a function of height above burner (HAB) for various O2 flow rates for flames producing

a) 17 and b) 9 g/h ofsilica.
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Thereafter, a parabolic temperature profile develops further downstream. The maximum

radial temperature is measured at the flame front between the CH4/HMDSO and O2 streams.

Figure 1.8 shows the residence times of particles made in a) 17 and b) 9 g/h silica

producing diffusion flames as a function of the BET-equivalent particle diameter (Fig. 1.5).

The corresponding coalescence lines based on the sintering time of silica (Kingery et al.,

1976) for 2000 (Fig 1.8a) and 2150 K (Fig. 1.8b) are shown as well. The temperature of the

coalescence line corresponds to that of the high temperature plateau (Fig. 1.7) for the 17 and

9 g/h silica producing flame which is 2000 and 2150 K, respectively. The particle residence

time, up to the HAB where the flame temperature decreases sharply for each oxygen flow rate

(Fig. 1.7), is calculated based on the overall gas flow rate at the above flame temperatures

(2000 and 2150 K) and the burner area (inner diameter of tube 3). Clearly, it can be seen that

the high temperature particle residence times are larger than the corresponding coalescence

times for O2 flow rates of 2.5, 4.7, and 8.5 1/min for the 17 g/h silica producing flame

(Fig. 1.8a), thus, non-agglomerated particles are formed in agreement with TEM (Fig. 1.3a-c)

and USAXS measurements. In contrast, when the residence time of the particles is shorter

than the corresponding coalescence time as for particles made at O2 flow rates of 13.3 and

22.7 1/min (Fig. 1.8a), the particles are agglomerated in agreement with TEM (Fig. 1.3d,e)

and USAXS also. The high temperature residence times for particles made at 9 g/h silica

production rate are larger than the corresponding coalescence times for all O2 flow rates

(Fig. 1.8b), indicating non-agglomerated particles in excellent agreement with TEM (Fig. 1.4)

and USAXS as well.

Figure 1.9 shows TEM-pictures of nanocomposites using as filler a) commercially

available silica powder (OX-50, Degussa) and b) non-agglomerated powder made here with

4.7 1/min O2 flow rate (17 g/h production rate). The particles made in this study seem to be

more uniform (smaller aspect ratio) and better dispersed in the polymer matrix compared to

the commercial ones. Furthermore, the elastic modulus of nanocomposites using the fumed

silica particles made here is 14% larger than that made with OX-50 while the physical

properties of both are equal.
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Fig. 1.9: Non-agglomerated silica in a dimethylacrylate matrix (50:50 by weight) of

a) commercially available Si02 (OX-50from Degussa) and b) silica powder made here in the

diffusionflame with 4.7 l/min O2flow rate atproduction rates of 17 g/h.

1.4. Discussion

The residence time of the particles at high temperatures strongly affects the size and

morphology of the product powder (Pratsinis, 1998). The formation of non-agglomerated

particles is favored when the particle residence time at high temperature is long enough to

complete particle coalescence or sintering upon collision (Fig. 1.8). Here, the O2 flow rate is

used to control the particle size and morphology. Non-agglomerated powders are made at low

O2 flow rates up to 8.5 1/min at a production rate of 17 g/h (Fig. 1.3a-c) where the particles

remain longer at high temperatures (Fig. 1.7a) than the corresponding coalescence times

(Fig. 1.8a). In the powders shown in Fig. 1.3a-c, the large particles are non-agglomerated and

coexist with small quantities of agglomerates with significantly smaller primary particle sizes.

Computational fluid dynamic (CFD) simulations by Johannessen et al. (2001) showed the

formation of larger particles close to the centerline as well as the formation of smaller ones far

off of the flame axis, explaining the observed distribution of sizes (Fig. 1.3a-c). The particles

formed near the flame axis completely coalesce before their growth is stopped when the

sintering time is less or equal to the collision time. As the axial flame temperature is similar

and only slightly higher between 50-170 mm HAB (Fig. 1.7a) for the 2.5 and 4.7 1/min O2
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flame, the primary particle diameter increases (Fig. 1.5) when increasing the O2 flow rate

from 2.5 to 4.7 1/min even though the particle residence time at high temperature is decreased.

The flame is slightly unstable when using only 2.5 1/min O2 flow rate (Fig. 1.2a) since the

burner exit velocity of the center tube is larger than that of the second annulus. This leads to

the formation of large spherical and small agglomerated particles (Fig. 1.3 a) and, thus, to a

smaller average particle diameter compared to particles made with 4.7 or 8.5 1/min O2

(Fig. 1.5). The latter flames are more stable leading to the formation of more uniform non-

agglomerated particles (Fig. 1.3b,c) than those made with 2.5 1/min O2 (Fig. 1.3a). It is worth

noting that for O2 flow rates less or equal to 8.5 1/min the precursor has been consumed

(Fig. 1.6b) before the onset of steep cooling (Fig. 1.7a) that will greatly increase the sintering

time and will essentially stop coalescence.

The formation of non-agglomerated powders is limited, however, when the residence

time at high temperature is shorter than the characteristic time for gas-to-particle conversion

or the characteristic time for coalescence. This occurs when the O2 flow is further increased

(13.3 and 22.7 1/min) enhancing flame turbulence and reactant mixing, accelerating

combustion (Fig. 1.6b) that decreases the flame height (Fig. 1.2). This shortens the particle

residence time at high temperature and increases flame cooling with increasing HAB

(Fig. 1.7a) that leads to the formation of hard agglomerates consisting of small primary

particles (Fig. 1.3d,e). Here, the precursor is consumed at about 60 and 50 mm HAB for the

flames made with 13.3 and 22.7 1/min O2 flows (Fig. 1.6b), respectively, thus, close to the

onset of the steep cooling (Fig. 1.7a). It is quite likely that new particles are forming as the

characteristic time for sintering rapidly ascends freezing their growth upon collision as shown

in Fig. 1.3d,e.

The TEM observations are corroborated by USAXS measurements, where the powders

made at 17 g/h are non-agglomerated up to an O2 flow rate of 8.5 1/min, while at higher O2

flow rates (13.3-24 1/min) the product powders are agglomerated as determined by USAXS.

This is consistent with Hyeon-Lee et al. (1998) who found only agglomerated silica particles

made in diffusion flames with SiCl4 as precursor in a similar burner configuration (Zhu and

Pratsinis, 1996) but at lower flame temperatures.

All powders made at 9 g/h (circles in Fig. 1.5) are non-agglomerated as measured by

USAXS and in agreement with TEM (Fig. 1.4). Even at high O2 flow rates spherical non-

agglomerated particles are observed (Fig. 1.4c,d) as also in this case the particle residence

time at high temperature is longer than the corresponding coalescence time (Fig. 1.8b). At

these conditions of lower HMDSO and CH4 concentrations compared to 17 g/h SiÛ2
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production, always enough oxidant is supplied to complete gas-to-particle conversion before

the onset of steep cooling, as observed also experimentally similar to Figs 1.6b and 1.7b. For

stable flames (O2 > 4.7 1/min) the particles made at 9 g/h are smaller by about 30% than the

ones made at 17 g/h (Fig. 1.5) consistent with a (17/9) dependence on the mass balance of a

coagulation-coalescence dominated growth in the free molecular regime (Koch and

Friedlander, 1991).

1.5. Conclusions

A systematic investigation of flame synthesis of silica nanoparticles for polymer

nanocomposites was carried out in a diffusion flame aerosol reactor. Non-agglomerated

spherical silica particles of dp = 44-78 nm were made by variation of the O2 flow rate using

2.5-8.5 1/min O2 at powder production rates of 17 g/h. By reducing the particle concentration

to silica production rates of 9 g/h, non-agglomerated tailor-made silica particles were

synthesized at all O2 flow rates with diameters ranging from 18 to 85 nm. The degree of

agglomeration was quantitatively determined by USAXS and was consistent with TEM

observations. Non-agglomerated particles were formed when gas-to-particle conversion was

completed or the residence time at high temperature (as defined by the onset of steep cooling)

was larger than the characteristic time for sintering or coalescence. These particles were well

dispersed in a polymer matrix resulting in nanocomposites with increased elastic modulus.
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2. OH surface density of Si02 and Ti02 by thermogravimetric

analysis
a

Abstract

Thermogravimetric analysis (TGA) is investigated for determination of the OH surface

density (OH/nm2) and carbon content of silica and titania powders made by flame aerosol and

sol-gel processes. It is shown that it is possible to distinguish between physically adsorbed

and chemically bound water and to rapidly determine the OH surface density even of small

powder samples (< 0.2 g) by TGA calibrated with LiAlH4 titration data. The high accuracy of

the OH surface density determination by TGA is confirmed further with additional LiAlH4

titration data of silica powders and by comparison with the specifications of commercially

available silica Aerosil and titania P25 powders. Furthermore, by connecting a CO2 sensor or

a mass spectrometer to the TGA balance, it is possible to verify the carbon content and

determine other components (organic residues) of the powders. Thereby, it is shown that

flame-made powders have high purity while the preparation conditions of sol-gel powders

greatly affect their purity. At a water-to-precursor ratio of 1000:1, no organic residues are

detected in sol-gel powders, while lower ratios result in residues in the product powder from

the precursor, solvent, or catalyst.

2.1. Introduction

The surface of all metal and metalloid oxides is covered to varying degrees by hydroxyl

groups or ions which play an important role in the adsorption processes occurring at the oxide

surface (Armistead et al., 1969). Silica powders are widely used in industry as fillers,

catalysts, catalyst supports, adsorbents, and chromatographic agents, to name just a few. In

each of these applications, knowledge of the surface properties is required in order to

understand the physicochemical principles involved (Hockey, 1965). As silanol groups can

undergo various reactions (e.g., chlorination, ammoniation, and esterification), it is important

This chapter is published in Langmuir, 19 (1), 160-165 (2003).



22

to control the surface nature of silica. The surface structure of silica powders terminates either

in a siloxane group (=Si-0-Si=) with the oxygen on the surface or in one of several forms of

silanol groups (=Si-OH). Fully hydroxylated silica contains 4.6 OH/nm as measured by

Armistead et al. (1969), Taylor et al. (1965), and Fripiat and Uytterhoeven (1965). This can

be considered as a physicochemical constant, independent of the silica type and structural

characteristics, e.g., specific surface area (SSA), type of pores, or pore size distribution

(Vansant et al., 1995). For example, a decrease of the OH surface density improves silica

particle flow properties, dispersion in organic media, and bonding to organic materials and

reduces thixotropy (Veale, 1972). The OH surface density of titania has been correlated with

its photocatalytic activity (Sato, 1988).

For determination of the surface structure (especially OH groups) of powders, infrared

(IR) spectroscopy (Fripiat and Uytterhoeven, 1965; Ramos et al., 1998), thermogravimetric

analysis (TGA) (Kellum and Smith, 1967; Costa et al., 1997; Gilpin et al., 1997), chemical

methods such as titration (Fripiat and Uytterhoeven, 1965; Kellum and Smith, 1967;

Armistead et al., 1969; Michael and Ferch, 2001), and nuclear magnetic resonance (NMR)

(Bermudez, 1970; Gilpin et al., 1997) are used. IR spectroscopy is most commonly applied

for monitoring the surface hydroxylation of silica. It is difficult, however, to distinguish

between adsorbed water and actual surface hydroxyl groups. To determine the silanol number

density, a calibration with different samples containing known amounts of OH groups is

necessary (Vansant et al., 1995). TGA coupled with other methods is used often to study

dehydroxylation and to estimate the number of OH groups on the surface as it offers simple

sample preparation and speed compared to other techniques. The challenge, however, is the

distinction between dehydration and dehydroxylation (Vansant et al., 1995). Kellum and

Smith (1967) analyzed various silica powders using TGA and a modified Karl Fischer reagent

(MKFR) titration method to distinguish between physically adsorbed and chemically bound

water using 2 g powder samples. The physically adsorbed water is determined by the MKFR

procedure, while TGA is used to detect the total weight loss from physically adsorbed and

chemically bound water. Thus, the amount of chemically bound water and subsequently the

OH surface density are determined by subtracting the amount of physically adsorbed water

from the total weight loss. Here, for each powder TGA and titration had to be carried out.

Bermudez (1970) found that the NMR method for determining the surface hydroxyl content

of hydrated silica gel is much less ambiguous than other techniques since it involves

measurements performed on the undisturbed silica surface.
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Chemical methods, such as time-consuming titration of relatively large samples

(2-25 g/#), are generally based on the reaction of surface hydroxyl groups with a selectively

reacting compound to form a covalently bonded surface species of known composition

(Vansant et al., 1995). These methods are subject to steric effects, and questions arise

concerning the stability of reaction products (Bermudez, 1970). As reactive compounds,

diborane, boron trichloride, diazomethane, organosilanes, and organometallic compounds are

employed typically. The number of silanols per nm is then derived from the amount of the

chemisorbed species and from the amount of volatile reaction products.

In this study, TGA coupled with a mass spectrometer (MS) and a CO2 sensor is

presented for characterization for nanosized silica, silica-carbon, and titania powders made by

flame or sol-gel processes. The TGA/MS method is used to measure directly physically

adsorbed and chemically bound water, impurities, and the carbon content of powders by

controlling the heating rate and atmosphere of the TGA. Furthermore, the resulting TGA

signal allows calculating the OH surface density based on the weight loss from 120 to 800 °C

when a calibration by titration (LiAlH4 method (Michael and Ferch, 2001)) is carried out.

Using laboratory-made and commercially available powders, the TGA obtained OH/nm2 is

confirmed by additional titration data and compared with literature values from other

methods.

2.2. Experimental

2.2.1. Particle synthesis

Fumed silica and silica-carbon particles are synthesized in a turbulent hydrogen-air diffusion

flame aerosol reactor (Kammler et al., 2001). Nitrogen (PanGas, Switzerland, > 99.999%) is

saturated with hexamethyldisiloxane (HMDSO, Fluka Chemie AG, Switzerland, 99%) in a

temperature-controlled bubble flask (Schott) and is then delivered into the flame aerosol

reactor. Its burner consists of four concentric stainless steel tubes. The HMDSO-laden

nitrogen stream is fed through the center tube, hydrogen (PanGas, Switzerland, > 99.5%) is

supplied through the second and third tubes, and dry air (PanGas, Switzerland) is fed through

the fourth tube. Product particles (up to 700 g/h) are collected in a Jet filter (Friedli AG,

Switzerland, FRR 4/1,6) with four Teflon-coated baghouse filters which are cleaned
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periodically by air pressure shocks (Kammler et al., 2001). Using different process conditions,

pure silica as well as carbon-coated silica powders are made with up to 1.5 wt% carbon

content.

Fumed titania powders are synthesized (up to 6 g/h) in a coflow diffusion flame aerosol

reactor consisting of three concentric tubes (Stark et al., 2001). An argon (PanGas,

Switzerland, > 99.999%>) stream carrying titanium-tetraisopropoxide (TTIP, Fluka Chemie

AG, Switzerland, 99%>) vapor from an evaporator (Bronkhorst CEM 100W) flows through the

center tube while methane (PanGas, Switzerland, > 99.9%>) and oxygen (PanGas, Switzerland,

> 99.999%)) flow through the second and third tubes, respectively. Samples of the product

particles are collected by a vacuum pump (Vacuubrand, RE 5) on a glass fiber filter

(Whatmann GF/A) 150 mm in diameter.

Sol-gel-made silica and titania powders are synthesized using tetraethyl orthosilicate

(TEOS, Fluka Chemie AG, Switzerland, 99%>) and TTIP, respectively, as the precursor and

ethanol as the solvent (Song and Pratsinis, 2000). Prior to reaction with water, TEOS and

TTIP are first dissolved in ethanol. The molar ratio of ethanol/TEOS and ethanol/TTIP is

fixed to 5, while the molar ratio of HC1/TEOS is set to 0.05 when HCl is used as the catalyst.

Hydrolysis is carried out at room temperature by adding slowly controlled amounts of

distilled water to the mixed solution (TEOS, HCl, and ethanol, or TTIP and ethanol) with

vigorous stirring for 1 h. Both molar ratios of water to TEOS or water to TTIP range from 5 to

1000. By continuous addition of water into the mixed solution, a slurry containing hydroxide

particles is formed. Clear liquid is removed from the slurry by separation in an ultraspeed

centrifuge (Rotina 35, Hettich). The filtered powder is dried at 150 °C for 24 h.

2.2.2. Characterization

The powder SSA is determined from a five-point nitrogen adsorption isotherm in the relative

pressure range of 0.05-0.25 at 77.3 K (Brunauer-Emmett-Teller (BET) analysis) with a

Gemini III 2375 (Micromeritics Instruments Corp.). Before the adsorption, the samples are

degassed (Flow prep 060, Micromeritics Instruments Corp.) under nitrogen at 150 °C for 2 h

to remove water that is bound to the particle surface. The results are cross-checked by

recording full adsorption/desorption isotherms (ASAP 2010 Multigas system, Micromeritics

Instruments Corp.). The SSA is measured at least twice.
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The weight loss of untreated flame- and sol-gel-made silica powders over a temperature

range of 25-1000 °C is monitored by TGA in a thermobalance (TGA/SDTA85 Ie, LF/1100 °C,

Mettler Toledo AG, Switzerland). A calibrated mass spectrometer (Quadstar 422, Balzers,

Liechtenstein) samples the TGA effluent gases to detect volatile compounds from the powder.

A maximum atomic weight up to 170 is set by the MS to ensure that all possible incomplete

combustion products of HMDSO (atomic weight of 162) are detected. The MS detection limit

is smaller than 2 ppm. Furthermore, the CO2 concentration in the TGA effluent gases is

continuously monitored by a CO2 detector (aq-5000, Metersonics, Inc.) and cross-checked by

the MS.

The silica powders (fumed and sol-gel) are heated in nitrogen from 25 °C to

T\ = 120 °C at 10 °C/min, held at this temperature for 10 min (step 1), and then heated at

20 °C/min to T2 = 800 °C and held at this temperature for 10 min under a nitrogen atmosphere

(step 2). Then, nitrogen is replaced by oxygen, and the sample is heated at 20 °C/min to

1000 °C and held there for 5 min (step 3). The titania powders (fumed and sol-gel) are heated

from 25 °C to T\ = 120 °C at 10 °C/min, held at this temperature for 10 min (step 1), and then

heated at 20 °C/min to T2 = 500 °C (step 2) in nitrogen. Isothermal heating is used for a better

distinction between the heating steps (Kammler et al., 2001). Step 1 removes the physically

adsorbed water (Hockey, 1965; Her, 1979). The T\ = 120 °C is an average value based on the

literature (Hockey, 1965; Her, 1979; Vansant et al., 1995) and the results obtained in this

study where a temperature range from 105 to 140 °C was found for removal of physically

adsorbed water. The first step is not crucial for powder characterization as it depends even on

humidity during sample preparation. Step 2 represents the weight loss by the removal of

silanol groups from the powder surface (Her, 1979) and possible desorption of volatile organic

compounds associated with powder synthesis or processing. Step 3 is used to determine the

carbon content of the silica powder. In the case of titania powders, step 3 is not used since no

carbon-coated titania is made as confirmed by the mass spectrometer. All isothermal heating

elements and heating rates are time-optimized, so lower heating rates do not contribute to

higher weight losses in the corresponding steps.

The OH surface density of the silica and titania powders is calculated using the TGA

weight loss in step 2 and the SSA which is constant up to T2 = 800 °C and T2 = 500 °C for

silica and titania, respectively, as was confirmed by N2 adsorption in agreement with Spicer et

al. (1998):
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(#OH/nm2)Ï2 -SSA-wtT2 +

# OH/nm2 = a ^
—

^ (2.1)
SSAwtT

Here, wtT, is the sample weight at the corresponding temperature T, MWh20 is the molecular

weight of water, Na is Avogadro's constant, and a is a calibration factor. For silica 1 OH/nm

remains on the surface at T2 = 800 °C (Curthoys et al., 1974), while for titania, it is assumed

that at T2 = 500 °C the powder surface is free of OH surface groups (Boehm and Herrmann,

1967).

The OH surface density is obtained for selected silica powders by titration with lithium

aluminum hydride (LiAlH4) solution (Michael and Ferch, 2001). First, the samples are

dehumidified for 1 h at 120 °C at a pressure below 0.2 mbar. Then, the OH groups on the

sample surface react with the LiAlH4 solution. The amount of hydrogen split off is obtained

by pressure measurement (Michael and Ferch, 2001), and the silanol group density is

determined from the SSA of the untreated powder. Since the hydride ion is very small as an

attacking agent and consequently highly reactive, all silanol groups on the surface, including

the bridged groups, are detected (Michael and Ferch, 2001).

2.3. Results and discussion

2.3.1. Silicapowders

Table 2.1 shows the process conditions (air and hydrogen flow rate, production rate (PR),

SSA, carbon content, and OH surface density) of flame-made powders. Here, SC 109 means

silica-carbon with a SSA of 109 m2/g while S depicts carbon-free powders. Figure 2.1 shows

the TGA of two of these powders with identical SSAs of 109 m2/g, but one is carbon-free

(dotted-dashed line, S109) while the other is gray (thin solid line, SC 109) indicating the

presence of carbon as can be seen by the inserted photographs of the powders (Fig. 2.1). The

sample weight is normalized to the end of step 1 (Fig. 2.1). The dashed line shows the TGA

temperature profile.
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Table 2.1: Process conditions (air and hydrogenflow rate, production rate (PR)) andproduct

characteristics (SSA, carbon content, and OH surface density (OH/nm2)) of silica (S) and

silica-carbon (SC) flame-made powdersfrom Kammler et al. (2001).

Sample ID

silica

air flow

rate

(L/min)

H2 flow

rate

(L/min)

PR

(g/h)

SSA

(m2/g)

carbon

content

(wt%)

OH/nm2

SC75 103 12.2 700 75 1.48 2.4

SC82 103 12.2 580 82 1.00 2.6

SC86 103 12.2 480 86 0.76 2.5

SC92 68 6.1 450 92 1.24 2.7

SC106a 103 12.2 300 106 0.56 2.8

S109 120 27.3 300 109 0.08b 2.8

SC109 86 12.2 300 109 0.37 2.8

Sill 154 36.5 300 111 0.07b 3.3

SC122 120 12.2 300 122 0.49 2.2

SC128 103 12.2 300 128 0.30 3.3

SC178 103 12.2 200 178 0.24 3.2

S220 103 12.2 125 220 0.17b 3.4

a

Without a chimney around the flame (Kammler et al., 2001).
b

Weight reduction by further heating from 800 to 1000 °C and additional removal of OH

groups.

It is shown that the weight loss in step 2 (chemically bound water) is similar for both

powders, indicating the same amount of chemically bound water even though the powders

have different color and composition. When the atmosphere is switched to oxygen at the end

of step 2, there are significant differences in the resulting TGA (Fig. 2.1). The carbon-free

powder (SI09) shows a rather small loss of sample weight attributed to the reduction of the

silanol groups decreasing from 1 OH/nm2 at 800 °C to 0.4 OH/nm2 at 1000 °C (Curthoys et

al., 1974), leading to the observed negligible weight loss in step 3 for pure silica (S109) in

Fig. 2.1. The TGA of the gray powder (SC 109), however, shows a significant weight loss in

this step (Fig. 2.1) that represents the carbon content of the powder. Since the weight loss by

carbon combustion is significantly larger than the weight loss by the silanol reduction

(< 0.1 wt%), the latter can be neglected when measuring the carbon content of these powders.

No CO2 is detected when analyzing the white, carbon-free S109 powder. In contrast, the CO2

concentration in the TGA off-gas of the gray powder (SC 109) exhibits a sharp peak when the

atmosphere is switched to oxygen at 800 °C, indicating carbon combustion (bold solid line,

Fig. 2.1).
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Fig. 2.1: Normalized weight (end of step 1) offumedpure silica (dotted-dashed line, SI09)

and silica-carbon (thin solid line, SC109) powders, TGA temperature (dashed line), and

effluent CO2 concentration (bold solid line) as afunction of TGA heating time. Both powders

are made by oxidation of HMDSO in a diffusion air-hydrogen flame reactor and have a

specific surface area of 109 m /g. The CO2 concentration corresponds to the SC109 powder.

The two pictures show the initialphysical appearance ofboth powders.

The calculated carbon content based on CO2 formation and assuming stoichiometric oxidation

of carbon is in excellent agreement (within 1%>) with the TGA weight loss of step 3. This is

confirmed for the TGA of all carbon-containing powders (Table 2.1).

Figure 2.2 compares the TGA normalized to the end of step 1 of flame-made pure

(S220) and carbon-containing silica powders of different SSAs (SC106 and SC75) with that

of commercially available silica powder (Aerosil 200, Degussa AG). Step 3 in Fig. 2.2

represents the carbon content of the analyzed fumed silica powders. The sample weight

reduction from 800 to 1000 °C of carbon-free powder (Aerosil 200 and S220) is attributed to
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a further reduction of the OH surface density, while for carbon-containing powder (SC 106

and SC75) most of the sample weight reduction occurs from carbon combustion. The weight

loss in step 2 increases with increasing powder SSA, indicating increasing content of

chemically bound water per unit powder mass (Fig. 2.2). Analysis of the TGA effluent gases

between 120 and 800 °C (step 2) by the MS shows only an increase of water concentration

indicating the high purity of flame-made silica and silica-carbon powders.
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Fig. 2.2: TGA comparison (normalized to the end of step 1) ofpure fumed silica (S220),

silica-carbon (SC106, SC75), and commercially available fumed silica (Aerosil 200)

measured with the standard heatingprogram. The OH surface density is based on the weight

loss ofstep 2, indicated by the two thin vertical lines.
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The OH/nm2 determined by LiAlH4 titration (Michael and Ferch, 2001) for pure silica

(Sill) and silica-carbon (SC122) powder gave 3.31 ± 0.03 and 2.24 ± 0.05 OH/nm2,

respectively. Comparing the TGA method with LiAlH4 titration for the silica sample Sill

results in a value of 0.625 for the calibration factor a. Analyzing a second sample (SC 122)

resulted in an a of 0.621, thus almost matching exactly the a of the first experiment. Both

TGA and LiAlH4 titration are very accurate and reproducible. For example, analyzing the

powder Sill with TGA five times résultes in an OH/nm2 value of 3.26 ± 0.03; thus, the

standard deviation is less than 1%>. Therefore, it seems to be appropriate to use a = 0.625 to

calculate the OH/nm for SiÛ2 powders based on equation (2.1). Furthermore, the number of

OH/nm2 changes only slightly when the limits of physically adsorbed water removal are taken

and the cut is made at T\ = 105 or 140 °C, resulting in OH/nm2 values which are only

±0.1 OH/nm2 compared to the value determined at T\ = 120 °C. This indicates the good

separation between physically adsorbed and chemically bound water in steps 1 and 2.

Additionally, the influence of vacuum-drying at T\ = 120 °C on the weight loss of physically

adsorbed water is investigated. No significant difference (within experimental error) in the

weight loss up to 120 °C is measured when comparing the weight loss of powders dried under

vacuum or atmospheric conditions at 120 °C, again indicating the good separation of

physically adsorbed and chemically bound water when using TGA and setting T\ = 120 °C.

The silica powders contain between 2.5 and 3.5 OH/nm2 (Fig. 2.2). The carbon-free

powder (S220) has the highest value of 3.5 OH/nm2, while carbon-containing powders SC75

and SC106 have 2.5 and 2.8 OH/nm
, respectively. The OH surface density depends,

however, not on the carbon content as shown in Fig. 2.1 (step 2) but on the SSA which is

inversely proportional to the flame synthesis temperature (Kammler et al., 2001). For Aerosil

200, a value of 2.8 OH/nm2 is measured here which is within the manufacturer's specification

of 2-3 OH/nm (Degussa AG). The OH surface density of all powders is lower than that of

4.6 OH/nm2 for fully hydroxylated silica powders (Vansant et al., 1995). The OH surface

density of Aerosil 200 is lower compared to that of S220. However, heat treating S220 at

340 °C, which is a typical operation temperature of industrial calciners (White and Duffy,

1959), reduces the OH surface density close to the value measured for Aerosil 200. Thus, the

lower OH surface density of Aerosil (made by SiCU flame hydrolysis) could be directly

attributed to its post-treatment for removal of HCl or Cb.

In Table 2.2, the OH-group densities of Aerosil 200 and 380 obtained by the present

TGA method are compared with literature TGA, IR, and titration analyses and with the
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specification of the manufacturer (Degussa AG). Clearly, it can be seen that the present TGA

is in very good agreement with the Aerosil manufacturer's specifications.

Table 2.2: Comparison ofthe OH/nm2 ofthe present and commercially availableflame-made

silica (Aerosil 200 and 380, Degussa AG) and titania (P25, Degussa AG) powder measured

by TGA/MS in this work and by other methods and laboratories.

Sample IRa Titration TGAb Degussa AG

Specification

This work

TGA/MS

Aerosil 200 3.2-3.5 3.Ie, 2.8-3.2d 1.7 2-3 2.8

Aerosil 380 4.0 2-3 2.6

P25 4.9e, 5.4f 4.6 4.8

This work, Sill 3.3g'h 3.3

This work, SC 122 2.2g 2.2

aFripiat and Uytterhoeven (1965); ICellum and Smith (1967); cBoehm and Schneider

(1959); dHofmann (1962); eBoehm and Herrmann (1967); fRentschler (2000); gAnalyzed

by the LiAlH4 method (Michael and Ferch, 2001); hUsed for calibration factor a

When silica powders are heated, the surface chemistry changes from silanol groups to

siloxane groups (Her, 1979). In general, siloxane groups are relatively unreactive and the

transformation of siloxane groups to silanol groups is very slow (Legrand, 1998). This is

shown with TGA in Fig. 2.3, where the sample weight is normalized to the end of step 1.

First, the carbon-containing powder (SC92) is heated to 1000 °C in nitrogen without

switching to oxygen at 800 °C (dotted-dashed line). As the heating is performed in pure

nitrogen, the carbon does not combust, and the small weight loss in step 3 (t = 63-78 min,

dotted-dashed line in Fig. 2.3) is attributed to the removal of residual OH surface groups. The

same sample is exposed to the surrounding atmosphere for 2 days and is then analyzed again

with the standard TGA procedure including the change from nitrogen to oxygen at 800 °C

(dashed line). Up to 800 °C, there is no significant weight loss, indicating that no or only

small amounts of water are adsorbed from the atmosphere on the modified silica powder

surface that has now few silanol groups on it supporting the slow siloxane to silanol

formation. The same result is also observed when the powder is exposed to the surrounding

atmosphere for longer times (2-5 days). With a switch from nitrogen to oxygen at 800 °C at

t = 63.5 min, the carbon is oxidized resulting in a significant weight loss (dashed line).



32

101

+s 100 -

G)

"ö>

o
N

E 99-

98

SC92

Standard

N2 only

\ Standard after N2 only
\\

i

i

i

i

i

—

11
11
l \

1 \

1 \

i \

1 1 i , i '

0 20 40 60 80

TGA heating time, min

Fig. 2.3: Normalized weight (end of step 1) as a function of TGA heating time of a silica-

carbon powder (SC92) to verify the very slow transformationfrom siloxane to silanol groups.

The powder is analyzed by the standard heatingprogram (solid line) and only in nitrogen up

to 1000 °C (dotted-dashed line); also shown is the same sample after 2 days, analyzed with

the standard heatingprogram (dashed line).

The standard TGA of SC92 (solid line) is in excellent agreement with step 3 of the sample

analyzed after 2 days with the standard TGA heating program (dashed line). There is only a

slight difference in step 3 between the standard (solid line) and two-step TGA (dashed line)

arising from the reduction of OH surface groups which are desorbed from 800 to 1000 °C in

the first analysis (N2 only, dotted-dashed line). This may not be apparent from Fig. 2.3 unless

the data are normalized to the end of step 2, and then TGA lines of step 3 show only a small

difference for both samples. It represents the small error (< 0.1 wt%) when determining the
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carbon content by TGA (Fig. 2.1) as the weight loss from carbon combustion is much bigger.

Furthermore, the experiment in Fig. 2.3 shows that when the powders are heated to a certain

temperature between 120 and 1000 °C in nitrogen, the concentration of remaining hydroxyl

groups can be precisely controlled from the initial concentration at 120 °C down to almost

zero (0.4 OH/nm2) at 1000 °C (Curthoys et al., 1974).

Figure 2.4 shows the TGA of two sol-gel-made silica powders (Song and Pratsinis,

2000) normalized to the end of step 1. Sol-gel silica made with a high ratio of water to TEOS

precursor (R1000, solid line) shows no impurities or volatile compounds when analyzing the

TGA off-gases by the MS. In contrast, significant amounts of impurities are detected when

analyzing a powder made with a low ratio (R5, dashed line) of water to precursor. These

impurities arise during powder synthesis from the precursor, solvent, and/or catalyst. The

relative large weight loss in step 2 of the R5 powder during TGA is attributed mainly to the

decomposition of these impurities from 200 to 500 °C. For the calculation of the OH surface

density, it is important that the weight loss between 120 and 800 °C results only from a

reduction of OH groups and is not attributed to a decomposition of impurities. Therefore, the

OH surface density can be calculated only for the impurity-free R1000 powder. It is

3.9 OH/nm2 and therefore higher than that of flame-made silica powders (2.5-3.4 OH/nm2)

but less than that of a fully hydroxylated silica surface (4.6 OH/nm2). The more pronounced

weight losses in steps 1 and 2 (physically adsorbed and chemically bound water) compared to

those for flame-made powders result from the much higher SSA of the sol-gel powder

(670 m2/g for the R1000) corresponding to higher amounts of physically adsorbed and

chemically bound water per unit mass. Furthermore, physically adsorbed water is retained

more strongly in microporous sol-gel powders compared to nonporous surfaces of flame-

made powders. The negative curvature of pores brings silanol groups closer together,

resulting in hydrogen bonding and therefore a higher stability of OH groups toward removal

at higher temperatures (Her, 1979). Additionally, when drying such powders, the change from

silanol to siloxane groups can result in a collapse of micropores leading to a decrease of the

SSA which is observed here. The SSA of sol-gel silica powders is reduced by 40%> (R5 and

R1000) when heating the powder to 800 °C, causing the OH/nm2 to be underestimated since

the calculation is based on constant SSA up to 800 °C as is the case for flame-made powders.

Therefore, the TGA method is limited for powders containing impurities from solvents or

precursors as shown for the R5 powder. However, only a minimum value for OH/nm can be

obtained for pure powders where the SSA decreases upon heating (R1000).



34

105

85
0

Silica R1000 (3.9 OH/nm )
Silica R5

20 40 60 80

TGA heating time, min

Fig. 2.4: Normalizedweight (end ofstep 1) as afunction of TGA heating time ofsol-gel silica

powders with a ratio ofwater to precursor of 5:1 (R5) and 1000:1 (R1000). The OH surface

density of the pure powder (R1000) is based on the weight loss of step 2 (at a TGA time of

63 min).

2.3.2. Titania powders

Figure 2.5 compares the TGA of flame-made titania powders with SSAs of 46 (T46), 98

(T98), and 235 m2/g (T235) with that of the commercially available titania powder

(P25 (SSA = 50 m2/g), Degussa AG). The dashed line shows the TGA temperature profile.

The sample weight again is normalized to the end of step 1. It is possible to distinguish
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between physically adsorbed (step 1) and chemically bound (step 2) water for the titania

powders.

re

E

106 -

104 -

102 -

U)

a

N
£ 100 -

98 -

96

Nitrogen

Step 1 Step 2

T235 (5.7 OH/nm2) /

T98 (6.0 OH/nm2) /

P25 (4.8 OH/nm2) /

T46 (6.1 OH/nm2) /

/

/

/
**

-

/
~ ~

/ , I , I , I

t 500

0 10 20 30

TGA heating time, min

-400

o
o

- 300 £

- 200

s_

3
4->

re

<D
Q.

E
d)

<

- 100

Fig. 2.5: TGA comparison (normalized to the end ofstep 1) ofpurefumed titania (T235, T98,

T46) with specific surface areas of 235, 98, and 46 m /g, respectively, and commercially

availablefumed titania (P25, SSA = 50 m2/g). The OH surface density is based on the weight

loss ofstep 2. The dashed line indicates the TGA temperature profile.

Clearly, it can be seen that at 350 °C a weight loss is still detected by TGA, although this is

the temperature at which in principle for anatase powders all water (especially the OH groups)

should be removed from the TiÛ2 surface (Boehm and Herrmann, 1967). No impurities are

detected with the MS up to 500 °C, and therefore, it may be inferred that the total weight loss

(steps 1 and 2) results from physically adsorbed and chemically bound water (OH groups).
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The flame-made titania powders of initial SSAs of 46-235 m2/g are heated to 500 °C, and the

SSA remains almost constant (maximum measured reduction of 5%) as is determined by

nitrogen adsorption. The high purity of these flame-made titania powders allows calculating

the OH/nm2 based on the weight loss from 7\ = 120 °C to T2 = 500 °C detected by TGA

following equation (2.1). The calculated OH/nm2 (4.8 OH/nm2) for the commercially

available powder P25 is close (within 4%) to manufacturer specifications (Degussa AG)

(Table 2.2) when using the same calibration factor a as obtained for silica. Of course, a

similar calibration including UAIH4 titration for the exact determination of the calibration

factor a should be performed for the titania powders as well.

The powders made here are mostly anatase (> 92 wt%>) and contain between 5.7 and

6.1 OH/nm2 depending on the SSA. The higher the SSA, the lower the OH surface density

(Fig. 2.5). The lower OH/nm2 of the P25 powder compared to that of the flame-made titania

powders made in our laboratory can be attributed again to post-treatment of the P25 powder

which is produced by TiCU flame hydrolysis. Independent of the SSA of all analyzed

powders, the OH surface density is lower than the literature value of 12-14 OH/nm2 for a fully

hydroxylated titania powder consisting of anatase with a (111) lattice structure (Boehm and

Herrmann, 1967).

Figure 2.6 shows the TGA of two sol-gel-made titania powders normalized to the end of

step 1. The ratio of water precursor (TTIP) is set to 20 and 1000, respectively. The R1000

(solid line) sol-gel titania shows no impurities or volatile compounds when analyzing the

TGA off-gases by the MS; therefore, it is assumed to be pure titania powder, and the weight

loss in step 2 measured by TGA only attributes to OH removal from the powder surface,

similar to the sol-gel silica powders (Fig. 2.4). In contrast, lot of impurities arising during

powder synthesis are detected again when analyzing a powder made with a low ratio (R20,

dashed line) of water to precursor. This results in a relatively large weight loss in step 2

between 150 and 400 °C (dashed line in Fig. 2.6). Therefore, the OH surface density is

calculated only for the R1000 powder, since no impurities are detected, similar to the silica

sol-gel powders. The value of 5.4 OH/nm2 is in the same order as that for flame-made titania

powders (Fig. 2.5) but is still much lower than the value of 12-14 OH/nm2 for a fully

hydroxylated titania powder consisting of anatase with a (111) lattice structure (Boehm and

Herrmann, 1967). Similar to the R1000 silica sol-gel powder, the OH/nm is underestimated

as the initial SSA (242 m2/g for the R1000) of sol-gel titania powders is reduced by about

30%) and the pore structure is changed when heating the powders to 500 °C as shown by Song
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and Pratsinis (2000). This reduction of the SSA is attributed to pores which collapse, similar

to silica sol-gel powders.
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Fig. 2.6: Normalized weight (end of step 1) as a function of TGA heating time of sol-gel

titania powders with a ratio of water to precursor of 20:1 (R20) and 1000:1 (R1000). The

OH surface density of the pure powder (R1000) is based on the weight loss of step 2,

indicated by the vertical line.

2.4. Summary and conclusions

Thermogravimetric analysis was introduced as a one-step, simple, and fast determination

method of OH surface density and carbon content of nanostructured silica and titania
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powders. For silica and titania powders, the physically adsorbed water was attributed to the

weight loss up to 120 °C (TGA step 1) while chemically bound water was attributed to the

weight loss from 120 to 800 °C for silica and from 120 to 500 °C for titania powders

(TGA step 2). The carbon content of silica-carbon powders was determined from the weight

loss from 800 to 1000 °C in an oxygen atmosphere (TGA step 3). Furthermore, it was shown

that flame-made powders have a high purity as no volatiles other than water were detected by

the mass spectrometer during TGA steps 1 and 2. This allowed an accurate calculation of the

OH surface density for flame-made silica and titania powders based on a calibration of the

present method by the well-established titration (LiAlH4) method for silica powders. The

TGA-calculated OH/nm2 values are in good agreement with the manufacturer specifications

of commercially available silica and titania powders made in flames.

The purity of sol-gel-made powders depended strongly on their preparation conditions.

For example, at a water-to-precursor ratio of 1000:1 no impurities were detected, while

powders made at lower ratios (5:1 and 20:1) have impurities arising from precursor, solvent,

and/or catalyst during powder synthesis. As a result, TGA analysis can only provide the

minimum OH surface density for sol-gel-made and other powders that undergo structural

changes during analysis.
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3. Nanoparticle synthesis at high production rates by flame spray

pyrolysis
b

Abstract

Scaling-up of nanoparticle synthesis by the versatile flame spray pyrolysis process at

production rates up to 1.1 kg/h is investigated. Product silica powder is collected continuously

in a baghouse filter unit which is cleaned periodically by air-pressure shocks. The effect of

powder production rate, dispersion gas flow rate, and precursor (hexamethyldisiloxane,

HMDSO) concentration on product particle size, morphology, and carbon content is

investigated. Droplet size distributions of the cold spray are measured by laser diffraction,

while N2 adsorption (BET), transmission electron microscopy, and thermogravimetric

analysis coupled with a mass spectrometer are employed to characterize the product powder.

The product primary particle size is precisely controlled from 10 to 75 nm and compared to a

well-established vapor-fed flame aerosol reactor.

3.1. Introduction

Flame aerosol technology is employed widely for large-scale manufacture of carbon blacks

and ceramic commodities such as fumed silica and titania and to a lesser extent, for specialty

chemicals such as zinc oxide and alumina powders (Pratsinis, 1998). However, by using a

vapor-fed flame reactor, it is often difficult to produce multicomponent materials with

homogeneous chemical composition because differences in the chemical reaction rate and the

vapor pressure of the reactants, nucleation, and growth rates of the product may lead to

nonuniform composition from particle to particle or even within a single particle. Therefore,

flame spray pyrolysis (FSP) processes are quite attractive as they can employ a wide array of

precursors for synthesis of a broad spectrum of functional nanoparticles (Kammler et al.,

2001a) e.g. ceria for catalysts or chemical mechanical polishing (Mädler et al., 2002a) and

b
This chapter is published in Chem. Eng. Sa., 58 (10), 1969-1976 (2003).
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laser diodes (Laine et al., 2000) as each droplet contains the precursor in the same

stoichiometry as desired in the product (Messing et al., 1993).

Up till now a variety of products have been synthesized by FSP, for example, zinc oxide

(Carroz et al., 1980; Marshall et al., 1971), alumina (Sokolowski et al., 1977), magnesium-

aluminate (Bickmore et al., 1996), y-ferric oxide (Grimm et al., 1997), titania (Bickmore et

al., 1998), and zirconia (Helble, 1998). Laine et al. (1999; 2000) made various nanopowders

(spinel, mullite and strontium aluminosilicate) in the 1-200 nm size range at production rates

up to 400 g/h by directly spraying ceramic precursors in ethanol into the flame. Kilian and

Morse (2001) made spherical ZrÛ2 and AI2O3 particles in the size range from 5 to 140 nm at

production rates up to 180 g/h using FSP. Mädler et al. (2002b) investigated systematically

the FSP process using an external-mixing gas-assisted nozzle supported by six premixed

flamelets at production rates of 9 g/h. They studied the effect of oxidant and precursor fuel

composition on the size of silica primary particle (7-39 nm) using as precursor

hexamethyldisiloxane (HMDSO) dissolved in ethanol, iso-octane, or methanol using air or O2

as dispersion gas. Furthermore, with similar reactors, hollow or solid Bi203 were made at

production rates up to 46 g/h (Mädler and Pratsinis, 2002) as well as CeÛ2 at production rates

up to 10 g/h (Mädler et al., 2002a).

The objective of this study is to investigate continuous FSP synthesis of nanostrucrured

silica particles with closely controlled characteristics at high production rates (up to 1.1 kg/h)

in a pilot plant using baghouse filters. Fumed silica is selected here for its wide range of

established applications. Furthermore, there is a growing demand for silica-based mixed oxide

powders at high production rates for catalytic (Stark et al., 2001), dental, and refractory

applications. The effect of powder production rate, precursor concentration, and air or O2

dispersion gas flow rate on primary particle diameter, morphology, and carbon content is

studied. Finally, FSP is compared with conventional vapor-fed flame aerosol synthesis of

nanoparticles.
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3.2. Experimental

3.2.1. Apparatus

Figure 3.1 shows the experimental set-up of the spray pyrolysis plant. The spray apparatus

consists of a commercially available external-mixing stainless-steel gas-assisted nozzle

(Dûsen-Schlick GmbH, Germany, 970/4-S32). The silica precursor, hexamethyldisiloxane

(HMDSO, Fluka Chemie AG, Switzerland, 99%) and the fuel (ethanol (EtOH), Merck,

Switzerland, > 99.8%) flow through its capillary tube (ID = 0.5 mm), while the dispersion gas

(air or O2, PanGas, Switzerland, > 99.95%) passes through the annular gap that can be

adjusted to keep a constant pressure drop (1 bar) across the nozzle tip regardless of the

dispersion gas flow rate. The dispersion gas flow rate is varied from 12.5 to 50 1/min for O2

and from 12.5 to 17.5 1/min for air using mass flow controllers (Bronkhorst).

The nozzle is surrounded by two stainless-steel annuli having inner-outer diameters of

9-9.5 and 10-12.5 mm, respectively. These annuli form a diffusion flame by flowing 2.0 1/min

CH4 (PanGas, Switzerland, > 99.5%) through the inner and 4.5 1/min O2 through the outer

annulus. The gases are metered by mass flow controllers (Bronkhorst). Additional sheath O2

(25 1/min) is supplied through a sintered metal plate ring surrounding the outer annulus with

inner-outer diameter of 14-25 mm and metered by a calibrated rotameter (Vögtlin Instruments

AG, Switzerland). The molar ratio between EtOH and HMDSO was 10, 1, and 0 (pure

HMDSO) resulting in solutions of 1.26, 3.0, and 4.7 M HMDSO. The liquid precursor

solution feed rate through the nozzle ranged from 5.55 to 33.3 ml/min resulting in silica

production rates from 50 to 1132 g/h. A 1 liter precision syringe pump (Isco, Inc., USA,

1000D) is used for pulsation-free feeding of 0.1-408 ml/min precursor solution. An additional

syringe pump (Harvard Apparatus, Inc., USA, Syringe Infusion Pump 22) is used for initial

heating of the nozzle (Fig. 3.1) by feeding and burning 5 ml/min of EtOH for 10 min to assure

a constant pressure drop across the nozzle before starting particle synthesis.

Particle collection takes place in a commercial Jet filter unit (Friedli AG, Switzerland,

FRR 4/1.2) consisting of four PTFE (polytetrafluoroethylene, Teflon)-coated Nomex

baghouse filters (total surface area: 1.7 m2). These filters are set in a stainless-steel housing

(2.3 m high and 0.5 m in diameter) that is connected with aim long inlet pipe (ID = 12 cm)

with a cone-shaped open end over the nozzle/burner unit (Fig. 3.1).
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Fig. 3.1: Experimental set-up for fumed silica nanoparticles synthesis at high production

rates by flame spray pyrolysis using a commercially available air-assisted stainless-steel

nozzle and an annular supporting CH4/O2 diffusionflame.

The particles are collected on the outside surface of the baghouse filters by an air suction

ventilator (Stäfa AG, Switzerland, MKV 012V LG-270) controlled by a frequency transducer

(Getriebebau Nord GmbH & Co, Germany, Nordac vector mc, SK 550/1 FCT). The particles

are removed every 30 s from each one of the baghouse filters by air pressure shocks using

5 bar absolute pressure. Small samples (~ 1 g) of product particles are collected with the aid

of a vacuum pump (Vacuubrand, RE 16) on a glass fiber filter (Whatmann GF/A) 150 mm in
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diameter. The filter is located in a stainless-steel holder sampling the product powder with a

bypass connected to the inlet pipe 30 cm away from the filter housing (Fig. 3.1). Powders

collected on the small glass fiber filter are identical (same specific surface area and

morphology) to the ones collected with the baghouse filters.

3.2.2. Characterization

The droplet size distribution is measured by Fraunhofer laser diffraction spectrometry

(SymapTec Helos) 5 cm above the nozzle in the absence of combustion. The EtOH is

atomized using air or O2 as dispersion gas. The EtOH feed rate was 5.55-33.3 ml/min, while

the air or O2 flow rate was 12.5-50 1/min. The spray flame height is determined visually as the

distance from the nozzle tip to the end of the luminous flame zone. The reactant composition

in the flame is characterized by the fuel equivalence ratio, O, which is the ratio of the

effective (actual) fuel (methane, EtOH, and HMDSO) to oxidant ratio to the stoichiometric

fuel to oxidant ratio (Turns, 1996).

The powder specific surface area (SSA) is determined from a five-point N2 adsorption

isotherm in the relative pressure range of 0.05-0.25 at 77.3 K (BET analysis) using a

Gemini III 2375 (Micromeritics Instruments Corp.). Before the adsorption, the samples are

degassed (Flow prep 060, Micromeritics Instruments Corp.) under N2 atmosphere at 150°C

for 1 h, to remove water bound to the particle surface from air moisture. Assuming

monodisperse spherical primary particles, the BET-equivalent average primary particle

diameter, dp, is calculated by dp = 6/(ppSSA), wherepp is the density of SiÛ2, 2.2 g/cm3. Error

bars always show two times the standard deviation of multiple experiments.

Samples of the product powder are analyzed by transmission electron microscopy

(TEM) performed on a Hitachi H 600 electron microscope operated at 100 kV using

magnifications between 10 and 60 k. For a homogeneous deposition on the carbon-coated

copper TEM grid (PLANO, W. Plannet GmbH, Germany), a 1 mg sample of the product

powder is dispersed in 2 ml solution in a ultrasonic bath for 15 min. The solution contains

5 mg heptadecaourononanoic acid (Fluka Chemie AG, Switzerland) in 50 ml toluene (Fluka

Chemie AG, Switzerland, > 99%). Afterwards, a droplet of the suspension is dried on the

TEM grid.
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3.3. Results and discussion

The dispersion characteristics of the spray are investigated as a function of the gas-to-liquid

mass ratio (GLMR, Appendix A). For example, a spray generated with a dispersion gas flow

rate of 20 1/min and an EtOH feed rate of 33.3 ml/min corresponds to a GLMR of 1 and

results in a median droplet mass diameter, d503, of 37 |im and a geometric standard deviation,

<7g, of 2.25. For GLMRs > 1.5, the d503 of the cold EtOH/air spray is about 10 |im (1 bar

pressure drop across the nozzle tip). The size distributions are log-normal having <7gS of

around 1.9. For GLMRs < 1.5, the d503 increases which is in agreement with air-assisted

nozzle sprays (Lefebvre, 1989; Appendix A). Here, the droplet size distribution becomes bi-

modal and the geometric standard deviation increases continuously. The droplet mass

diameters are identical when using O2 instead of air.

3.3.1. Effect oftheprecursorfeed rate

Figure 3.2 shows spray flames of 1.26 M HMDSO in EtOH solutions producing silica at 100,

200, and 300 g/h using air (a-c) or O2 as dispersion gas at 12.5 1/min without (d-f) and with

(g-i) a sheath O2 flow rate of 25 1/min (1 bar pressure drop across the nozzle tip). The spray

flame height increases from 17 to 44 cm when increasing the liquid feed rate that corresponds

to silica production rates from 100 to 300 g/h using air as dispersion gas. This increase in the

liquid feed rate from 11.1 (corresponding to 100 g/h SiÛ2) to 33.3 ml/min (300 g/h) increases

the supplied fuel energy from 16.5 to 49.5 MJ/h to the spray. This prolongs the time for fuel

combustion resulting in longer flames. Likewise, when increasing the liquid feed rate from

11.1 to 33.3 ml/min the flame height is increased from 13 to 31 cm and from 14 to 27 cm

using O2 as dispersion gas without and with sheath O2, respectively.

Using air as dispersion gas results in bluish flames up to production rates of 100 g/h

(Fig. 3.2a) indicating complete combustion and no soot formation. At higher production rates,

the flame remains bluish in the lower part and becomes white-yellow in the upper part of the

flame (Fig. 3.2b,c). This indicates that combustion of the hydrocarbon components of

HMDSO is taking place along with soot formation and oxidation and the formation of silica

as the Si-CH3 bonds ofHMDSO are split first.
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Fig. 3.2: Sprayflames (1.26 MHMDSO in EtOH) producing 100, 200 and 300 g/h of silica

using 12.5 l/min air (a-c) or O2 as dispersion gas without (d-fi and with (g-i) additional

25 l/min of02 sheathflow at 1 bar pressure drop across the nozzle tip.
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An inner dark region in the spray flame is evident corresponding to a dense spray core having

a high number density of droplets surrounded by an enveloping flame (Chen et al., 1998).

Spray flames using O2 as dispersion gas are shorter (e.g. 13-31 cm) but much brighter than air

flames (17-44 cm) as carbonaceous components burn faster resulting in high temperatures,

rapid silica formation, and growth by coalescence. The inner dark region is vanished

(Fig. 3.2d-i) as combustion proceeds rapidly, so droplet evaporation is much faster as pure O2

accelerates fuel combustion. The brightness of the spray flame is increased (Fig. 3.2g-i) and

the flame shortens (e.g. from 31 to 27 cm at 33.3 ml/min of HMDSO/EtOH feed) when sheath

O2 is supplied. This indicates that sheath O2 further accelerates combustion and contributes to

rapid silica particle formation and growth giving this characteristic bright light-emission of

silica formation in flames.

Figure 3.3 shows the BET-equivalent average diameter of the silica primary particles as

a function of SiÛ2 production rate at a dispersion gas flow rate of 12.5 1/min using air (circles)

and O2 without (squares) and with sheath O2 (triangles) at 1.26 M HMDSO in EtOH. As the

liquid feed rate is increased (5.55-33.3 ml/min) corresponding to silica production rates of

50-300 g/h, the particle diameter increases from 8 to 29 nm using air as dispersion gas.

Likewise, using O2 as dispersion gas, the particle diameter increases from 14 to 41 nm

(100-300 g/h) in the absence of sheath O2 and from 15 to 33 nm in its presence. The increased

feed (or silica production) rate results in higher enthalpy content of the flame that leads to

longer particle residence times at high temperatures (Fig. 3.2) increasing the particle sintering

rate resulting in the formation of larger particles. Furthermore, the HMDSO concentration

increases and therefore the silica particle concentration leading to more particle collisions and

therefore enhanced growth which increases the particle diameter especially when complete

coalescence takes place (Pratsinis, 1998). These results are in agreement with FSP studies at

lower production rates, where an increase of the liquid feed (or production) rate increased the

primary particle diameter of Bi203 (Mädler and Pratsinis, 2002) and CeÛ2 (Mädler et al.,

2002a) as well as with silica formation studies in turbulent hydrogen-air gaseous diffusion

flames at high production rates (Kammler et al., 2001b).

The primary particle diameter is equivalent or larger when using O2 instead of air as

dispersion gas. This difference in particle diameter increases with increasing feed (or

production) rate: At a production rate of 150 g/h the primary particle diameter is 18 nm using

air and is 19 or 18 nm using O2 as dispersion gas without or with sheath O2, respectively. At a

SiÛ2 production rate of 300 g/h that diameter is 29 nm using air and 41 or 33 nm when using

O2 as dispersion gas without or with sheath O2, respectively (Fig. 3.3). Oxygen as dispersion
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gas accelerates fuel combustion leading to higher flame temperatures that accelerate sintering

resulting in bigger product particles (Mädler et al., 2002b). This effect becomes dominant

with increasing silica production rate (the GLMR is decreasing) (Fig. 3.3) as it creates O2

leaner flames for which the supply of O2 and acceleration of the combustion become more

and more important leading to bigger particles when using O2 instead of air as dispersion gas.
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Fig. 3.3: BET-equivalent diameter ofsilica nanoparticles as afunction ofpowder production

rate calculated for the liquid feed rate and constant precursor concentration

(1.26 M HMDSO in EtOH) using 12.5 l/min air or O2 as dispersion gas without and with

additional 25 l/min of02 sheathflow. Increasing the liquidfeed rate decreases the gas liquid

mass ratio (GLMR) as indicated.
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Making silica particles by supplying sheath O2 (25 1/min) to the spray flame decreases the

primary particle diameter (Fig. 3.3). This sheath O2 contributes to faster combustion of the

fuel and precursor, as no air diffuses into the spray flame, leading to rapid silica particle

formation giving the characteristic bright light-emission of silica formation in flames

(Fig. 3.2) especially at low GLMR (Fig. 3.2h,i). At the same time, the spray flame is diluted

by this additional O2 leading to subsequently less particle collisions and therefore reduced

growth which decreases the particle diameter (Fig. 3.3). The dilution provided by the sheath

O2 is dominant at low GLMR (0.6 or 300 g/h in Fig. 3.3) reducing the particle size as

additional gas effectively dilutes the spray. At higher GLMR (1.2 or 200 g/h in Fig. 3.3)

enough O2 gas is provided already resulting in rather dilute sprays so additional sheath O2 has

a minimal effect if any.

Representative TEM-pictures of powders made at 150 and 300 g/h using air (a,b) and

O2 as dispersion gas at 12.5 1/min without (c,d) and with (e,f) sheath O2 at 1.26 M HMDSO in

EtOH are shown in Fig. 3.4. Using air as dispersion gas results in lower flame temperatures

(Mädler et al., 2002b) and shorter particle sintering rates leading to smaller particles

(Fig. 3.4b) than with O2 (Fig. 3.4d) which is in agreement with the measured BET-equivalent

particle diameter (Fig. 3.3). The morphology of the product is strongly affected by the

residence time of the particles at high temperatures. At a production rate of 150 g/h,

agglomerates of small primary particles are made regardless of the dispersion gas composition

(Fig. 3.4a,c,e). At higher production rate (300 g/h) the enthalpy of the flame is increased

resulting in longer particle residence times at high temperature (Fig. 3.2) and/or in higher

flame temperatures and shorter particle residence times, both leading to the formation of

larger primary particles (Fig. 3.4b,d,f). Large single particles with diameters up to 100 nm as

well as small agglomerated silica particles are observed when O2 is used as dispersion gas

(Fig. 3.4d,f). Here, some of the larger particles seem to be non-agglomerated coexisting with

agglomerates containing smaller primary particles, implying inhomogeneous flame conditions

and too short residence times at high temperature for complete particle coalescence or

sintering. The product morphology seems not to be affected by the sheath O2 as indicated in

Fig. 3.4c,e at 150 g/h and in Fig. 3.4d,f at 300 g/h.
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Fig. 3.4: Transmission electron micrographs of silica nanoparticles at production rates of

150 g/h (top row) and 300 g/h (bottom row) using 12.5 l/min air (a,b) or O2 as dispersion gas

without (c,d) and with (e,f) additional 25 l/min of O2 sheath flow using 1.26 M HMDSO in

EtOH.

3.3.2. Effect ofthe dispersion gasflow rate

Figure 3.5 shows the spray flame height as a function of the oxidant flow rate (dispersion gas)

or the fuel equivalence ratio, 0, at a SiÛ2 production rate of 300 g/h using 1.26 M HMDSO in

EtOH. The spray flame height decreases from 44 to 36 cm using air as dispersion gas (open

circles), while it decreases from 27 to 14 cm using O2 (open triangles) as dispersion gas.

Increasing the dispersion gas flow rate intensifies the mixing and accelerates combustion

(Glassman, 1996) and therefore decreases the flame height. Additionally, increasing the

dispersion gas flow rate decreases the droplet concentration of the spray flame, thus, the local

fuel vapor fraction decreases which leads to shorter gaseous diffusion flames surrounding the

droplets (Mädler et al., 2002b). Oxygen spray flames are shorter than air spray flames

(Fig. 3.2) as pure O2 leads to faster combustion (no inert gas has to be heated up). When high
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air flow rates are used (> 17.5 1/min), the spray is not ignited anymore (Fig. 3.5). The linear

relation between spray flame height and the fuel equivalence ratio (1+0) of Karpetis and

Gomez (2000) is observed here for both dispersion gases (filled symbols in Fig. 3.5) as was

also shown by Mädler et al. (2002b).

(1+0)

9 11 13 15 17

10 20 30 40

Oxidant flow rate, l/min

Fig. 3.5: Spray flame height as a function of air (circles) and O2 (triangles) flow rate (open

symbols) orfuel equivalence ratio (l+(p) (filled symbols) for a SiO2 production rate of300 g/h

using 1.26MHMDSO in EtOH.

Figure 3.6 shows the BET-equivalent primary particle diameter of the product powder

as a function of air or O2 (with sheath flow) dispersion gas flow rate at a SiÛ2 production rate
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of 300 g/h. The particle diameter decreases from 29 to 20 nm when increasing the air flow

rate from 12.5 to 17.5 1/min, while it decreases from 33 to 12 nm when increasing the O2 flow

rate from 12.5 to 50 1/min.
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Fig. 3.6: BET-equivalent diameter as a function of air (circles) or O2 (triangles) dispersion

gas flow rate at a silica production rate of 300 g/h using 1.26 M HMDSO in EtOH.

Increasing the oxidantflow rate increases the gas liquid mass ratio (GLMR) as indicated.

In general, increasing the dispersion gas flow rate decreases the droplet concentration of the

spray flame, thus, the particle concentration and the residence time at high temperature

decrease as the spray flame height decreases. Mädler et al. (2002b) found by Fourier

transform infrared (FTIR) spectroscopy (Morrison et al., 1997) that the maximum spray flame

temperature is lowered substantially with increasing dispersion gas flow rate. This leads to
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faster quenching of particle formation and therefore smaller particles (Fig. 3.6). This

observation is in agreement with FSP studies at lower production rates (Mädler and Pratsinis,

2002) but is in disagreement with the silica FSP study at a production rate of 9 g/h of Mädler

et al. (2002b) who found a maximum of the SSA with increase in the dispersion gas flow rate.

In the present study, the pressure drop across the nozzle tip is constant through adjustment of

the dispersion gas exit gap. In contrast, Mädler et al. (2002b) kept the gas exit gap constant so

the pressure drop across the nozzle tip increased continuously from 0.5 to 4.5 bar with

increasing dispersion gas flow rate changing from subsonic to sonic gas exit velocities.

The observation of decreasing particle diameters with increasing oxidant flow rate is

also in agreement with vapor-fed flame aerosol reactors. Kammler et al. (2001b) observed that

the average primary particle diameter decreased from 25 to 17 nm when increasing the

oxidant (air) flow rate from 68 to 154 1/min in a turbulent H2-air flame aerosol reactor at a

silica production rate of 300 g/h using HMDSO vapor as precursor. The obtained primary

particle sizes are similar to the ones made here by FSP when using O2 as dispersion gas

(Fig. 3.6). This indicates a similar control of primary particle diameter with oxidant flow rate

at a constant powder production rate for both vapor- and liquid-fed flame reactors.

Apparently, at high production rates, the precursor droplets rapidly evaporate during FSP

resulting in particles similar to those made by conventional vapor-fed flame reactors.

The product particle diameter decreases using air rather than O2 (with sheath flow) as

dispersion gas (Fig. 3.6). For example, at 17.5 1/min dispersion gas flow rate the particle

diameter is 20 and 26 nm using air and O2, respectively (Fig. 3.6). Mädler et al. (2002b)

measured up to 1000 K lower temperatures using air instead of O2 as dispersion gas in spray

flames. They found also smaller silica particle diameters using air instead of O2 as dispersion

gas below the critical pressure drop of the nozzle. Lower flame temperatures decrease the

particle sintering rate resulting in smaller particle sizes. Smaller primary particles were

obtained also by Zhu and Pratsinis (1997) when using air instead of O2 as oxidant in gaseous

diffusion flames.

3.3.3. Effect ofthe precursor concentration

Figure 3.7 shows the BET-equivalent particle diameter as a function of the SiÛ2 production

rate using O2 as dispersion gas (plus additional sheath O2) at flow rates of 12.5 1/min (open
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Symbols) and 50 1/min (filled symbols). The precursor concentration is varied from 1.26

(triangles) to 3.0 M (squares) HMDSO in EtOH as well as to 4.7 M corresponding to pure

HMDSO (circles). Increasing the liquid feed rate from 11.1 to 33.3 ml/min increases the

particle diameter from 15 to 33 nm (production rate from 100 to 300 g/h at 1.26 M HMDSO),

from 24 to 56 nm (production rate from 244 to 733 g/h at 3.0 M HMDSO), and from 32 to

75 nm (production rate from 377 to 1132 g/h for pure HMDSO inlet concentration) at a

dispersion O2 flow rate of 12.5 1/min. Using 50 1/min as dispersion gas flow rate, similar

results are obtained although particle sizes are smaller as the high temperature residence time

is reduced and the aerosol is diluted (Fig. 3.7).

Increasing the HMDSO concentration through the liquid feed rate continuously

increases the product primary particle diameter as the particle concentration and residence

time at high temperatures increase (Fig. 3.7). The spray flame temperature (Mädler et al.,

2002b; Appendix B: adiabatic spray flame temperature calculation) is high enough for the

primary particles of the agglomerates to coalesce to solid particles (Fig. 3.7). This indicates

that particle formation takes place in the gas phase as the spray of even pure HMDSO droplets

(few |im in size) results in solid nanosized silica particles and not hollow ones or broken

shells which can also be formed during conventional (Kodas and Hampden-Smith, 1999) or

flame spray pyrolysis (Mädler and Pratsinis, 2002).

Most importantly, Fig. 3.7 shows the operation window for synthesis of tailor-made

silica nanoparticles as dispersion gas flow rates lower than 12.5 1/min result in an insufficient

dispersion of the liquid feed solution (GLMR < 0.6), while at 50 1/min the exit gap is at its

widest opening to maintain a pressure drop across the nozzle of 1 bar. Precisely controlled

product primary particles can be made by selecting the dispersion gas flow rate (between 12.5

and 50 1/min) at a constant production rate (Fig. 3.6). For example, at a production rate of

1132 g/h primary particle diameters from 26 to 75 nm can be made by controlling the

dispersion gas flow rate, while at 100 g/h the primary particle size can be controlled from 10

to 15 nm. For all flame spray conditions only perfect white silica powders are made. The

visual indication for carbon-free powders is verified by thermogravimetric analysis (TGA)

coupled with a mass spectrometer (MS) according to Kammler et al. (2001b) and Mueller et

al. (2003) (Chapter 2). This analysis shows also no indication of remaining carbonaceous

species (no weight loss under oxidizing conditions and no CO2 signal in the MS) in the as-

prepared silica powders.
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Fig. 3.7: BET-equivalent average diameter as afunction of silica production rate calculated

from liquid feed rate (11.1-33.3 ml/min) and precursor concentration (1.26 M HMDSO in

EtOH (triangles), 3.0 M HMDSO in EtOH (squares), and 4.7 M HMDSO (pure HMDSO:

circles)). Data collectedfor two constant dispersion gasflow rates (12.5 l/min (open symbols)

and 50 l/min (filled symbols)) with additional 25 l/min of O2 sheath flow. Literature data

(diamonds) ofsilica made in a turbulent H2-air vapor-flame aerosol reactor (Kammler et al,

2001b).

Kammler et al. (2001b) investigated silica production rates from 125 to 700 g/h in a

vapor-fed turbulent H2-air flame reactor. The average primary particle diameter increased

from 12 to 37 nm (diamonds, Fig. 3.7) when increasing the HMDSO concentration in the

reactant stream at an air flow rate of 103 1/min. Here, particle sizes of the vapor-fed flame lay

within the operation window of the FSP reactor (Fig. 3.7) which is an additional indication of
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particle formation in the gas rather than droplet phase in the FSP process. The operation

window of the versatile FSP process at high production rates is similar to the ones of the well-

established vapor-fed flame aerosol reactors (Kammler et al., 2001b) which are used in

industry for large-scale production (Ulrich, 1984). This makes the FSP processes quite

attractive since there is a growing demand for functional, tailor-made nanoparticles with

defined stoichiometry at high production rate, e.g. silica-based mixed oxides without loss of

flexibility on the product characteristics. It is often difficult to produce multicomponent

materials with homogeneous chemical composition using vapor-fed flame aerosol reactors,

while it was shown that FSP is capable of producing such powders (Laine et al., 1999) and

even quantum dots (Mädler et al., 2002c).

3.4. Conclusions

A systematic investigation of flame spray synthesis of nanoparticles at high production rates

up to 1.1 kg/h was carried out using a commercially available external-mixing stainless-steel

gas assisted nozzle. The influence of silica powder production rate, precursor concentration,

and oxidant dispersion gas flow rate was investigated on the product primary particle

diameter, morphology, and carbon content using HMDSO in EtOH at 1.26 and 3.0 M as well

as pure HMDSO (4.7 M). The average product primary particle size was controlled from 10

to 75 nm independent of precursor concentration confirming that particle formation can take

place during FSP in the gas phase following rapid evaporation of precursor droplets. The

control of primary particle size (operation window) using FSP is similar to that by the well-

established vapor-fed aerosol reactors through the oxidant or precursor delivery rates. Limited

variation of the product particle size was obtained when using air instead of O2 as dispersion

gas (at constant pressure drop across the nozzle) or by providing additional sheath O2 gas.
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4. Zirconia nanoparticles made in spray flames at high production

rates

Abstract

Synthesis of zirconia nanoparticles by flame spray pyrolysis (FSP) at high production rates is

investigated. Product powder is collected continuously in a baghouse filter unit which is

cleaned periodically by air-pressure shocks. Nitrogen adsorption (BET), X-ray diffraction

(XRD), transmission electron microscopy (TEM), and thermogravimetric analysis (TGA) are

employed to characterize the product powder. The effect of powder production rate (up to

600 g/h), dispersion gas flow rate, and precursor concentration on product particle size,

crystallinity, morphology, and purity is investigated. The primary particle size of ZrÛ2 is

controlled from 6 to 35 nm while the crystal structure consists of mostly tetragonal phase

(80-95 wt%) with the balance being monoclinic at all process conditions. The tetragonal

crystal size is close to the primary particle size indicating weak agglomeration of single

crystals.

4.1. Introduction

Zirconia has a broad range of applications and has become one of the most industrially

important ceramic materials of the present time. The traditional applications of ZrÛ2 and

Zr02-containing materials are foundry sands and flours, refractory ceramics and abrasion

resistance. Other applications include catalysts, oxygen sensors, fuel cells, resistive heating

elements, and jewelry due to high oxygen ion conduction and high refractive index of zirconia

(Gleiter, 1992; Gell, 1995; Mayo et al., 1999; Chraska et al., 2000). Along with high strength

and toughness, zirconia also possesses good hardness, wear resistance, and thermal shock

resistance. These properties have led to the use of zirconia-based components in a number of

engineering applications such as automobile engine parts, wire drawing dies, and cutting

tools. The low thermal conductivity together with relatively high coefficient of thermal

expansion makes zirconia a suitable material for thermal barrier coatings on metal

components (Nielsen and Chang, 1996; Chraska et al., 2000).
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Zirconia particles have been produced by a variety of techniques including vapor

deposition, mechanical milling, laser ablation, flame-based methods, conventional and flame

spray pyrolysis, sol-gel, and microwave plasma synthesis. The aerosol technology is

advantageous because it does not require the multiple steps, high liquid volumes, and

surfactants of wet chemical processes (Pratsinis and Mastrangelo, 1989). Fumed tetragonal

zirconia particles have been made by evaporating zirconium tetrachloride into a hydrogen/air

(or oxygen) flame (Aerosil process) consisting of agglomerated primary particles of about

8 nm in diameter (Liu and Kleinschmit, 1986). Later, Hartmann et al. (1989) used the same

process and precursor and obtained white and fluffy zirconia powders with average particle

diameters between 10 and 50 nm. These particles were of the metastable tetragonal form with

traces of the monoclinic phase. The properties of the fumed oxides were primarily controlled

by the flame temperature which was depended on the ratio of hydrogen to oxygen. However,

the most severe limiting factor of the gas phase synthesis is the lack of volatility of the

starting materials (Liu and Kleinschmit, 1986).

Another promising aerosol technology is flame spray pyrolysis (FSP) which overcomes

most of the precursor limitations of the gas phase process. FSP can uniquely fulfill the

physical and chemical requirements for synthesis of a broad spectrum of functional

nanoparticles in a low-cost, single-step process (Kammler et al., 2001a) as each droplet

contains the precursor in the same stoichiometry as desired in the product powder (Messing et

al., 1993). Nielsen et al. (1963) made among other things up to 5 |im zirconia particles by

atomizing a solution consisting of zirconium-sulfate and water or alcohol into a natural gas,

carbon monoxide, or hydrogen flame. Using FSP, Karthikeyan et al. (1997) made zirconia

consisting of tetragonal as the dominant phase and monoclinic as the minor phase with crystal

sizes of 12 to 21 nm at production rates up to 1.2 g/h. They used zirconium butoxide in

butanol as the precursor. Yuan et al. (1998) used FSP of zirconium n-propoxide to make ZrÛ2

powders in the micron and submicron range. These powders consisted of a mixture of

tetragonal and monoclinic phase. Laine et al. (2000) made, among other things, a range of

CeÛ2/Zr02 compositions varying from pure ZrÛ2 to pure CeÛ2. The specific surface area of

these powders was about 10 m2/g. This system was further investigated by Sutorik and Baliat

(2002) who found that in pure agglomerated ZrÛ2 (typical agglomerate size of about 220 nm)

the monoclinic phase was dominant, although significant amounts of tetragonal zirconia were

also observed. Kilian and Morse (2001) used FSP of zirconium n-butoxide (Zr(C4H90)4) and

zirconium n-propoxide (Zr(C3H70)4) to make spherical cubic and monoclinic ZrÛ2 at

production rates of up to 180 g/h. The particle diameter in these experiments was between
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30 and 120 nm. Very recently, Limaye and Helble (2002) used FSP of zirconium n-butoxide

to make tetragonal zirconia particles having mean number diameters ranging from 10 to

90 nm.

However, systematic investigations into the impact of production rate, dispersion gas

flow rate, and precursor concentration on zirconia particle characteristics are limited in the

studies above. In contrast, Mädler et al. (2002a) systematically studied the effect of oxidant

and precursor-solvent composition on the size of silica primary particles (7 to 39 nm) at

production rates of 12 g/h using FSP. The objective of the present study is to investigate

continuous synthesis of crystalline nanostructured ZrÛ2 particles by FSP at high production

rates in a pilot plant using baghouse filters. Especially, the focus is on the size control of ZrÛ2

nanoparticles by varying production rate, precursor concentration, and dispersion gas flow

rate.

4.2. Experimental

4.2.1. Apparatus

Figure 4.1 shows a schematic of the experimental set-up. The spray apparatus consists of a

commercially available external-mixing stainless steel gas-assisted nozzle (Düsen-Schlick

GmbH, Germany, 970/4-S32) having a capillary tube of ID = 0.5 mm and an annular gap that

can be adjusted to keep a constant pressure drop (1 bar) across the nozzle tip regardless of the

dispersion gas (O2, PanGas, Switzerland, > 99.95%) flow rate (25 and 50 1/min). The

dispersion gas flow rate is metered by a mass flow controller (Bronkhorst). The nozzle is

surrounded by two stainless steel annuli having inner-outer diameters of 9-9.5 mm and

10-12.5 mm, respectively. These annuli help to form a diffusion flame when 2 1/min of CH4

(PanGas, Switzerland, > 99.5%) flows through the inner and 4.5 1/min of O2 flows through the

outer annulus. These gas flow rates are also metered by mass flow controllers (Bronkhorst).

Additional sheath O2 (15 1/min) is metered by a calibrated rotameter (Vögtlin Instruments

AG, Switzerland) and fed through a sintered metal plate ring with inner-outer diameter of

14-25 mm surrounding the previous outer annulus.
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Fig. 4.1: Schematic of the flame spray pyrolysis (FSP) process for the synthesis of Zr02

nanoparticles at high production rates using a commercially available nozzle.

Zirconium n-propoxide (Zr(C3H70)4, 70 wt%> in n-propanol, ChemPur, Germany) is used as

precursor and is dissolved in ethanol (EtOH, > 99.8%>, Fluka Chemie AG, Switzerland)

resulting in precursor solutions of 0.5 and 1 M. The liquid precursor solution feed rate ranged

from 6.8 to 81.1 ml/min resulting in ZrÛ2 production rates from 50 to 600 g/h. A 1 liter

precision piston pump (Isco, Inc., USA, 1000D) is used for pulsation-free supply of the

precursor solution through the capillary tube. Before starting particle synthesis, an additional

syringe pump (Harvard Apparatus, Inc., USA, Syringe Infusion Pump 22) is used for initial
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heating of the nozzle (Fig. 4.1) by feeding and burning 5 ml/min of EtOH for 10 minutes.

This helps to assure a constant pressure drop across the nozzle.

Product powders are collected in a commercial Jet filter (Friedli AG, Switzerland, FRR

4/1.2) consisting of four PTFE (polytetrafluoroethylene, Teflon) coated Nomex baghouse

filters (total surface area: 1.7 m2) which are cleaned periodically by air pressure shocks. Small

samples (~ 1 g) of product particles are collected with the aid of a vacuum pump

(Vacuubrand, RE 16) on a glass fiber filter (Whatmann GF/A) 150 mm in diameter located in

a stainless steel holder sampling the product powder by a bypass connected to the inlet pipe

(Fig. 4.1). Powders collected on the small glass fiber filter are identical (same specific surface

area and morphology) to the ones collected with the baghouse filters.

4.2.2. Characterization

The droplet size distribution is measured by Fraunhofer laser diffraction spectrometry

(SymapTec Helos) 5 cm above the nozzle (1 bar pressure drop across the nozzle) in the

absence of combustion when pure EtOH is atomized. The droplet mass median diameter is in

the range of 10 to 37 urn (Appendix A). The spray flame height is determined visually as the

distance from the nozzle tip to the end of the luminous flame zone.

The powder specific surface area (SSA) is determined from a five-point N2 adsorption

isotherm in the relative pressure range of 0.05 to 0.25 at 77.3 K (BET analysis) using a

Gemini III 2375 (Micromeritics Instruments Corp.). Before the adsorption, the samples are

degassed (Flow prep 060, Micromeritics Instruments Corp.) under N2 atmosphere at 150 °C

for 1 h, to remove water bound to the particle surface from air moisture. Assuming

monodisperse spherical primary particles, the BET-equivalent average primary particle

diameter, dp, is calculated by dp = 6/(ppSSA), where pp is the density of tetragonal ZrÛ2,

6.1 g/cm3. Error bars shown in the figures are two times the standard deviation obtained from

the results of multiple experiments.

The powder X-ray diffraction (XRD) spectra are recorded with a Bruker D8 advanced

diffractometer over a 26 range from 20 to 70°, with steps of 0.02° and a scan speed of

0.247min. Crystalline characteristics are obtained from the XRD spectra using the Topas 2.0

software (Bruker AXS, 2000) on the basis of the fundamental parameter approach (Rietveld

method) (Cheary and Coelho, 1992; Cheary and Coelho, 1998) in which the effects of the
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equipment (e.g. X-ray source, slits, etc.) are incorporated. The crystal size, dxw, is calculated

from the full width at half maximum (FWHM) of the peak using Scherrer's equation (Rau,

1962) as it is typically done by dXRD = 0.9Ä/(ßcosO), where A is a wave length of the X-ray

(0.154186 nm) and ß and 0 represent the measured FWHM and the diffraction angle,

respectively.

Samples of the product powder are analyzed by transmission electron microscopy

(TEM) performed on a JEOL 2000FX II electron microscope operated at 200 kV, using

magnifications between 50 and 800 k. The holey carbon-coated copper TEM grids are dipped

into the powder which was collected onto the filter. The composition of the collected powder

is determined by thermogravimetric analysis (TGA) in a thermobalance (TGA/SDTA851e,

LF/1100°C, Mettler Toledo AG, Switzerland) coupled with a mass spectrometer (Quadstar

422, Balzers, Liechtenstein). The powder is heated in nitrogen from 25 to 120 °C at

10 °C/min, held at this temperature for 10 min, and then heated at 20 °C/min to 800 °C and

held at this temperature for 10 min. Then, nitrogen is replaced by oxygen and the sample is

heated at 20 °C/min to 1000 °C and held there for 5 min (Kammler et al., 2001b; Mueller et

al., 2003a; Chapter 2).

4.3. Results and discussion

For all flame spray conditions, only perfectly white zirconia powders are made. The visual

indication for carbon-free powders is verified by thermogravimetric analysis (TGA) coupled

with a mass spectrometer (MS) according to Mueller et al. (2003a) (Chapter 2). This analysis

shows also no indication of remaining carbonaceous species (no weight loss under oxidizing

conditions and no CO2 signal in the MS) in the as-prepared zirconia powders.

4.3.1. Particle morphology

Representative TEM-pictures of zirconia powders made at 200 g/h using dispersion/oxidant

gas flow rates of 25 and 50 1/min and 0.5 and 1 M Zr n-propoxide in EtOH are shown in

Fig. 4.2.
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Fig. 4.2: Transmission electron micrographs of FSP-made zirconia nanoparticles at a

production rate of200 g/h using dispersion gasflow rates of25 and 50 l/min and 0.5 and 1M

Zr(C3HfD)4 in EtOHwhere a) is made at 25 l/min and 0.5 M, b) at 50 l/min and 0.5 M, c) at

25 l/min and 1M, and d) at 50 l/min and 1M.

The zirconia particles are agglomerated consisting of uniform, spherical primary particles.

The BET-equivalent particle diameter of 26 nm (Fig. 4.2a), 20 nm (Fig. 4.2b), 23 nm

(Fig. 4.2c), and 14 nm (Fig. 4.2d) are in good agreement to TEM observations. Furthermore,

it can be seen that some primary particles stick together by sinter bridges but are not fully

coalesced indicating too low flame temperatures and/or too short residence times of the
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particles in the high temperature region. Lattice planes are discernible indicating that even the

smallest particles are reasonably well crystallized (Fig. 4.2a). Similar zirconia powder

morphology was observed by Karthikeyan et al. (1997) who showed large agglomerates

consisting of mostly nanosized particles of about 8 nm. Fractal-like agglomerates as well as

non-agglomerated zirconia particles were observed by Limaye and Helble (2002). The

formation is dependent on the flame temperature. At low-flame temperatures, they observed

the formation of non-agglomerated large zirconia particles, while highly agglomerated fractal-

like particles were made at high flame temperatures. Very recently, Kilian and Morse (2001)

reported the formation of non-agglomerated ZrÛ2 particles formed within a size range of 30 to

120 nm. However, some qualitative TEM pictures were missing.

4.3.2. Particle size

Figure 4.3 shows the BET-equivalent average diameter of the zirconia primary particles as a

function of the ZrÛ2 production rate at two constant dispersion/oxidant gas flow rates of

25 1/min (triangles) and 50 1/min (circles). A dispersion gas flow rate of 50 1/min allows liquid

feed rates up to 81.1 ml/min while for a dispersion flow rate of 25 1/min the maximum liquid

feed rate is 54.1 ml/min. Increasing the liquid feed rate at a constant dispersion gas flow rate

decreases the gas to liquid mass ratio (GLMR) resulting in an insufficient dispersion of the

liquid at too low GLMRs (Lefebvre, 1989; Mueller et al., 2003b; Appendix A).

The Zr n-propoxide concentration in EtOH was 0.5 (filled symbols) and 1 M (open

symbols) (Fig. 4.3). As the liquid feed rate of the 0.5 M precursor solution is increased from

13.5 to 54.1 or 81.1 ml/min corresponding to zirconia production rate of 50 to 200 or 300 g/h,

the particle diameter increases from 12 to 29 nm using a dispersion/oxidant gas flow rate of

25 1/min, while the particle diameter increases from 7 to 26 nm when using an 02 flow rate of

50 1/min. Likewise, using a precursor concentration of 1 M, the particle diameter increases

from 10 to 35 nm when increasing the liquid feed rate from 6.8 to 54.1 or 81.1 ml/min

(production rate from 50 to 400 or 600 g/h) at a dispersion gas flow rate of 25 1/min, while the

particle diameter increases from 6 to 31 nm at a dispersion gas flow rate of 50 1/min.
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Fig. 4.3: BET-equivalent diameter of zirconia nanoparticles made by FSP from Zr n-

propoxide in EtOH as a function ofpowder production rate at precursor concentrations of

0.5 M (filled symbols) and 1M (open symbols) and at O2 dispersion/oxidant gasflow rates of

25 l/min (triangles) and 50 l/min (circles).

The increased feed (or zirconia production) rate increases the spray flame height. For

example, the flame height increases from 4 to 40 cm when the feed rate of the 1 M precursor

solution is increased from 6.8 to 81.1 ml/min and the dispersion gas flow rate is 50 1/min. The

increase in precursor solution feed rate results in higher enthalpy content (from 10.9 to

130 MJ/h at these conditions) of the flame. Hence, the particles have longer residence times at

high temperatures. The increased particle sintering rate at long residence time and high

temperature (Appendix B: adiabatic spray flame temperature calculation) contributes to the

formation of larger primary particles. Furthermore, as the Zr n-propoxide concentration
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increases, the zirconia particle concentration increases. This leads to more particle collisions

and therefore enhanced particle growth which increases the particle size especially when

complete coalescence takes place (Pratsinis, 1998). These results are in agreement with FSP

studies of other pure oxides at lower production rates, where an increase of the liquid feed

(or production) rate increased the primary particle diameter of Bi203 (Mädler and Pratsinis,

2002) and CeÛ2 (Mädler et al., 2002b), as well as with silica formation studies at high

production rates using FSP (Mueller et al., 2003b; Chapter 3) and vapor-fed turbulent

hydrogen-air diffusion flames (Kammler et al., 2001b).

Increasing the dispersion/oxidant gas flow rate from 25 to 50 1/min intensifies mixing

and accelerates combustion (Glassman, 1996), thus, decreasing the spray flame height. The

flame height is decreased, for example, from 35 to 26 cm when the dispersion gas flow rate is

increased from 25 to 50 1/min at a 1 M liquid feed rate of 54.1 ml/min. Additionally,

increasing the dispersion gas flow rate decreases the droplet concentration of the spray flame,

thus, the particle concentration and the particle residence time at high temperature decrease as

the spray flame height is decreasing. This leads to faster quenching of particle growth and

therefore smaller particles (Fig. 4.3). These results are in agreement with other FSP studies

(Mädler and Pratsinis, 2002).

Increasing the precursor concentration from 0.5 to 1 M increases the primary particle

diameter. For example, at a liquid feed rate of 40.6 ml/min the primary particle diameter

increases from 23 to 30 nm (corresponding to powder production rates of 150 and 300 g/h,

Fig. 4.3) when increasing the precursor concentration from 0.5 to 1 M. Again, increasing the

precursor concentration increases the enthalpy content of the flame and the mass

concentration, and as a result the high temperature (Appendix B) particle residence time

increases favoring higher sintering and coagulation rates that result in larger primary and

aggregated particles. However, Kilian and Morse (2001) observed the formation of larger

particles at more diluted Zr n-butoxide in n-butanol solutions which is in disagreement with

the observation in this study.

Most importantly, Fig. 4.3 shows the operation window for the synthesis of tailor-made

zirconia nanoparticles as dispersion gas flow rates lower than 25 1/min result in a insufficient

dispersion of the precursor solution while at 50 1/min the exit gap is at its widest opening to

maintain a pressure drop across the nozzle tip of 1 bar. Precisely controlled product primary

particles can be made by selecting the dispersion gas flow rate (between 25 and 50 1/min) and

the precursor concentration at a constant production rate (Fig. 4.3).



71

4.3.3. Phase composition

A representative X-ray diffraction pattern of zirconia powder made by FSP is shown in

Fig. 4.4. The ZrÛ2 is made at a production rate of 200 g/h using a dispersion gas flow rate of

25 1/min and 1 M Zr n-propoxide in EtOH. The ZrÛ2 crystal structure consists of mainly

tetragonal (T) and limited monoclinic (M) phase. The calculation of dXRD (Scherrer's

equation) from the strongest tetragonal peak results in a crystal size of 22 nm which is in

agreement with the BET-equivalent average particle diameter of 23 nm, while the dXRD of the

monoclinic structure results in a crystal size of 26 nm. Using the fundamental parameter

approach, the phase composition is 95 wt.% tetragonal and 5 wt.% monoclinic (Fig. 4.4).

A mixture of mostly tetragonal (85-95 wt%>) and monoclinic phases of ZrÛ2 is detected

by XRD in all FSP-made powders using Zr n-propoxide as precursor. The highest content of

the tetragonal phase is detected for the smallest zirconia particles while it decreases slightly

with increasing particle diameter. Normally, zirconia has a monoclinic structure at room

temperature and atmospheric pressure which transforms martensitically to a tetragonal

structure at 1170 °C and then at 2370 °C to a fluorite-type cubic structure (Garvie, 1965;

Chraska et al., 2000). The presence of tetragonal zirconia at room temperature can be

explained by the Gibbs-Thomson effect. In small particles, the tetragonal structure is

energetically favored while in larger particles the monoclinic structure is more stable. During

the rapid cooling of the nanoparticles as they flow out of the high temperature spray flame,

the tetragonal structure is quenched in. Structural transformation occurs at a critical particle

size of 8 to 18 nm, below which the tetragonal structure is thermodynamically stable

(Skandan, 1995; Ramamoorthy et al., 1999; Chraska et al., 2000). Formation of tetragonal

ZrÛ2 even in particles larger than 18 nm (Fig. 4.4) may result from fast quenching of the

particles during FSP. This is in agreement to other FSP studies at much lower production rates

(Karthikeyan et al., 1997; Yuan et al., 1998) but is in disagreement with Kilian and Morse

(2001) who reported the formation of cubic and monoclinic structures in zirconia particles by

FSP without quantifying that phase composition.
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Fig. 4.4: X-ray diffraction pattern ofzirconia powder made at a production rate of 200 g/h

using a dispersion gasflow rate of 25 l/min and 1 MZr(C3H-jO)4 in EtOH. The Zr02 crystal

structure consists ofmainly tetragonal (T, 95 wt%) and monoclinic (M, 5 wt%) phase.

Figure 4.5 shows the average XRD tetragonal (open symbols) and the monoclinic (filled

symbols) crystal size as a function of the zirconia powder production rate using dispersion gas

flow rate of 25 (triangles) and 50 1/min (circles) at 0.5 M Zr n-propoxide in EtOH. Both

crystal sizes increase with increasing production rate which is in agreement with Fig. 4.3

where the BET-equivalent primary particle diameter increases also with increasing powder

production rate. Here, the tetragonal crystal size increases from 8.7 to 24.3 nm while the

monoclinic crystal size increases from 9 to 34 nm when increasing the zirconia production

rate from 50 to 300 g/h at O2 gas flow rate of 50 1/min. Likewise, at 25 1/min O2 flow rate, the
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tetragonal crystal size increases from 13.9 to 27.3 nm and the monoclinic crystal size

increases from 18.2 to 35.1 nm (powder production rate is increased from 50 to 200 g/h).
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Fig. 4.5: Monoclinic (filled symbols) and tetragonal crystal size (open symbols) ofZr02 made

by FSP as afunction ofthe zirconiapowderproduction rate using O2 dispersion gasflow rate

of25 (triangles) and 50 l/min (circles) at 0.5M Zr(C3HfD)4 in EtOH.

The monoclinic crystal sizes are always larger than the tetragonal ones produced under the

same process conditions. This difference increases with increasing crystal size (higher

zirconia production rate) and decreasing dispersion gas flow rate (from 50 to 25 1/min). The

fast quenching of the spray flame is more efficient at high dispersion gas flow rates and at low

powder production rates. Here, the residence time of the particles in the spray flame is very

short leading to small primary particles (Fig. 4.3) where the high temperature tetragonal phase



74

is quenched in becoming the dominant structure. Longer particle residence times in the spray

flame lead to larger particles which are quenched slower resulting in a decrease of the

tetragonal structure and the formation of larger monoclinic crystals (Fig. 4.5).

The tetragonal crystal sizes (Fig. 4.5) are astonishingly close to the BET-equivalent

particle diameters (Fig. 4.3) indicating that the primary particles are weakly agglomerated

single crystals. For zirconia powders made at production rate up to 150 g/h, the BET-

equivalent particle diameter is slightly smaller than the average tetragonal crystal size.

Possible reasons for this difference is polydispersity since the BET-equivalent particle

diameter dp is a surface-weighted particle property while dXRD is a mass-weighted particle

property leading to d/dXRD < 1. At higher zirconia production rates (> 150 g/h) the dp is

slightly larger than the tetragonal dXRD. Here, the tetragonal content of the powders is slightly

lower (down to about 85 wt%>) leading to a larger average crystal size since monoclinic

crystals are on average larger than the tetragonal ones (Fig. 4.5).

4.4. Conclusions

A systematic investigation of flame spray synthesis of zirconia nanoparticles was carried out

at high production rates up to 600 g/h using a commercially available external-mixing

stainless steel gas-assisted nozzle. The influence of zirconia powder production rate, precursor

concentration, and oxidant dispersion gas flow rate was investigated on the product

morphology, primary particle diameter, crystallinity, and purity using 0.5 and 1 M Zr n-

propoxide in EtOH. The average particle diameter of pure zirconia was controlled from 6 to

35 nm by varying the production rate, precursor composition, and the dispersion gas flow

rates. The crystal structure consisted of mostly tetragonal phase (80-95 wt%>) and the balance

monoclinic at all employed process conditions. XRD-determined tetragonal crystal sizes were

close to the BET-determined primary particle sizes indicating that the primary particles are

weakly agglomerated single crystals.
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5. Growth of zirconia nanoparticles made by flame spray

pyrolysis

Abstract

The growth of ZrÛ2 primary and agglomerate particles made in spray flames at relatively high

production rates (100 and 300 g/h) is studied by thermophoretic sampling (TS) and image

analysis of transmission electron microscope (TEM) pictures. At each TS location, the

corresponding temperature of the particle-laden spray flame is measured by Fourier transform

infrared (FTIR) spectroscopy while the final product powder is analyzed by nitrogen

adsorption and TEM. The evolution of primary and agglomerate ZrÛ2 size distribution in

spray flames is presented and explained quantitatively accounting for aerosol coagulation and

sintering.

5.1. Introduction

Flame spray pyrolysis (FSP) is one of the promising techniques for synthesis of a broad

spectrum of functional inorganic nanoparticles as it overcomes the need of gaseous precursors

that is required by the industrially established flame reactors for synthesis of nanostructured

commodities. A number of materials have been made already by FSP form pure ZnO

(Marshall et al., 1971) and AI2O3 (Sokolowski et al., 1977) to more complex mixed oxides

and spinels (Laine et al., 1999; 2000) and even mixed noble metal - ceramic catalysts (Strobel

et al., 2003). Though some systematic studies on understanding the role of process parameters

on the characteristics of product particles have been carried out (Mädler et al., 2002) and even

scale-up of FSP has been addressed (Mueller et al., 2003a; Chapter 3), this promising

technique has been treated so far as a "black" box. Essentially little is known on how droplets

are converted to particles as in-situ measuring of flame and particle characteristics is rather

challenging in these particle-laden flames. Such data are needed to understand some of the

intriguing FSP results such as the formation of solid or hollow AI2O3 by replacing air with O2

as oxidant/dispersion gas (Tani et al., 1998; 2003) or Bi203 by controlling the composition of

the precursor solution fed to FSP (Mädler and Pratsinis, 2002).
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Synthesis of ZrÛ2 particles is studied here as ZrÛ2 is a basis material in catalysts,

oxygen sensors, fuel cells, resistive heating elements, and even jewelry for its high oxygen

ion conduction and high refractive index (Chraska et al., 2000; Gell, 1995; Gleiter, 1992;

Mayo et al., 1999). As a result, it is not surprising that some FSP studies on ZrÛ2 synthesis

have been carried out already (Karthikeyan et al., 1997; Kilian and Morse, 2001; Limaye and

Helble, 2002; 2003). These studies, however, have not addressed quantitatively the evolution

of primary and agglomerate particle size during ZrÛ2 production by FSP.

The objective of the present study is to investigate primary and agglomerate ZrÛ2

particle growth inside spray flames at relatively high production rates by thermophoretic

sampling (TS) and image analysis of transmission electron microscope (TEM) pictures

(Dobbins and Megaridis, 1987). The temperature history of the particles is recorded by

Fourier transform infrared (FTIR) emission/transmission (E/T) spectroscopy (Best et al.,

1986), a technique that has been used successfully in gas-fed flame reactors (Arabi-Katbi et

al., 2001; Kammler et al., 2002). These data are compared to a quantitative description of

ZrÛ2 primary and agglomerate particle growth accounting for aerosol coagulation and

sintering (Kruis et al., 1993) during FSP after evaluation of ZrÛ2 sintering data from the

literature.

5.2. Experimental

5.2.1. Apparatus and characterization

The spray pyrolysis unit consists of a commercially available external-mixing stainless-steel

gas-assisted nozzle (Düsen-Schlick GmbH, Germany, 970/4-S32) having a capillary tube with

an inner diameter of 0.5 mm and an annular gap with inner-outer diameter of 1.7-2.35 mm.

The nozzle is surrounded by two stainless-steel annuli having inner-outer diameters of 9-9.5

and 10-12.5 mm, respectively (Mueller et al., 2003a). These annuli form a supporting or

"pilot" diffusion flame by flowing 2 1/min CH4 (PanGas, Switzerland, > 99.5%>) through the

inner and 4.5 1/min O2 (PanGas, Switzerland, > 99.95%>) through the outer annulus. An

average equivalent jet diameter, dn, of 5 mm is defined for modeling the spray. Additional

sheath O2 (15 1/min) is fed through a sintered metal plate ring surrounding the latter annulus.
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The nozzle/burner unit is moved by a positioning system (Unipos 110, Foehrenbach AG,

Switzerland) with an accuracy of 0.05 mm axially and laterally.

The ZrÛ2 precursor, zirconium n-propoxide (Zr(C3H70)4, 70 wt% in n-propanol,

ChemPur, Germany) is dissolved in ethanol (EtOH, Fluka Chemie AG, Switzerland, > 99.8%>)

at a concentration c = 0.5 M. This precursor solution is fed by a precision piston pump (Isco,

Inc., USA, 1000D) through the innermost capillary tube of the nozzle at feed rates, S, of 27.1

and 81.1 ml/min resulting in ZrÛ2 production rates of 100 and 300 g/h, respectively. Oxygen

is used as dispersion/oxidant gas at a flow rate of 50 1/min and passes through the annular gap

of the nozzle at a pressure drop of 1 bar across the nozzle tip.

The ZrÛ2 particles are collected by a commercial Jet filter unit (Friedli AG,

Switzerland, FRR 4/1.2) consisting of four PTFE (polytetrafluoroethylene, Teflon)-coated

Nomex baghouse filters (total surface area: 1.7 m2) in a stainless-steel housing (2.3 m high

and 0.5 m in diameter) that is connected with aim long inlet pipe (ID = 12 cm) with a cone-

shaped open end over the nozzle/burner unit. Small samples (~ 1 g) of product particles are

collected with the aid of a vacuum pump (Vacuubrand, RE 16) on a glass fiber filter

(Whatmann GF/A) 150 mm in diameter. The filter is located in a stainless-steel holder

sampling the product powder with a bypass connected to the inlet pipe 30 cm away from the

filter housing (Mueller et al., 2003a). Powders collected on the small glass fiber filter are

identical (same specific surface area and morphology) to the ones collected with the baghouse

filters.

The powder specific surface area (SSA) is determined by N2 adsorption (Tristar,

Micromeritics Instruments Corp.) from a five-point isotherm in the relative pressure range of

0.05 to 0.25 at 77.3 K (BET analysis). Before adsorption, the samples are degassed (Flow

prep 060, Micromeritics Instruments Corp.) under N2 atmosphere at 150 °C for 1 h, to remove

water bound to the particle surface from air moisture. Assuming monodisperse spherical ZrÛ2

primary particles, the BET-equivalent average primary particle diameter, dp, is calculated by

dp = 6/(ppSSA), where pp is the density of tetragonal ZrÛ2, 6.1 g/cm3.

The centerline spray flame temperature is measured in-situ by emission/transmission

spectroscopy (Best et al., 1986) using a Fourier transform infrared (FTIR) spectrometer

(Bomem Inc., MB155S) operating in the range of 6500-500 cm"1 with 32 cm"1 spectral

resolution taking up to 3000 scans per temperature measurement. Two pairs of identical

paraboloidal mirrors guide the infrared (IR) beam through the flame and a 0.4 cm iris at the

first focal point defines the beam diameter in the flame center (second focal point).

Transmission and emission (radiance) spectra are collected with wide-band deuterated-
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triglycine-sulfate (DTGS) detectors. The temperature is determined by Normrad and ET-

analysis from hot C02 between 2300 to 2200 cm"1 (Kammler et al., 2002). The reported

temperature is always the average of the temperatures obtained with the two procedures

(Kammler et al., 2002). The spray flame height is determined visually as the distance from the

nozzle tip to the end of the luminous flame zone.

5.2.2. Thermophoreticparticle sampling in sprayflames

Particle samples are collected by a thermophoretic sampler (Kammler, 2002) that rapidly

moves a carbon coated copper transmission electron microscope (TEM) grid (200 mesh,

PLANO, W. Plannet GmbH, Germany) to a precisely defined position in the spray flame

(Dobbins and Megaridis, 1987). The residence time of the TEM grid inside the spray flame

can be varied (typically 50 ms) and is calibrated from its traveling time using a high speed

digital camera (Kodak Ektapro, Model 4540). The TEM grid is held between two stainless

steel blades (0.0125 cm x 0.3 cm x 5 cm) leaving, however, a 0.2 cm diameter hole at one side

to expose the grid to the ZrÛ2 aerosol. This grid holder with the TEM grid travels through a

slotted cylindrical shield, which is 0.5 cm outside of the visible spray flame edge, to avoid

disturbing the flame upstream of the sampling point (Dobbins and Megaridis, 1987; Kammler,

2002).

The TEM analysis is carried out with a Hitachi H 600 and a Zeiss 912 Omega electron

microscope both operated at 100 kV using magnifications between 20 and 50 k. The TEM

pictures from the filter powder are prepared from the powder as-is, dipping the TEM grid into

the product powder. For each flame location as well as the product powder, typically 500-

3000 primary particles are counted manually using the Optimas 6.51 (Media Cybernetics)

software that allows drawing circles around the primary particles (Appendix C). Typically

70-250 agglomerates consisting of at least two primary particles are counted manually at each

TS location according to Samson et al. (1987), where the geometric mean of the agglomerate

length, L, and width, W, which is the projected length perpendicular to the axis through L, are

determined for each agglomerate. Statistical analysis of the data is performed according to

Hinds (1999).
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5.3. Theory

5.3.1. Aerosol dynamics

Assuming rapid droplet evaporation and zirconium n-propoxide oxidation, the product ZrÛ2

particles grow by monomer- and cluster-cluster collisions neglecting the spread of the primary

and agglomerate size distribution. Thus, the evolution of the average primary and agglomerate

particle diameters can be described by coagulation and sintering as in gas-fed flame aerosol

reactors (Kruis et al., 1993). Therefore, the particle number concentration,

N(# particles/kggas), decreases by coagulation:

dN 1
QM2 re in

^p-^ßNpgas (5-1)

where pgas (kg/m3) is the gas density at temperature T and ß (m3/s) is the collision frequency

function for Brownian coagulation given by the Fuchs interpolation function from the free-

molecular to the continuum regime (Seinfeld, 1986). The effect of agglomerate structure in ß

is incorporated by replacing the particle diameter with the collision diameter (Kruis et al.,

1993). A constant mass fractal dimension, Df, of 1.8 is used which is common for

agglomerated particles generated by cluster-cluster aggregation in high temperature aerosol

processes (Schaefer and Hurd, 1990). Likewise, the evolution of the surface area of an

agglomerated particle, a (m2), is (Kruis et al., 1993):

da 1 dN 1 / x
_

„.
— = a (a-as) (5.2)
dt N dt xsv

s/ J

where rs (s) is the characteristic sintering time for ZrÛ2 and as (m ) is the surface area of a

completely fused (spherical) agglomerate of volume v. Equation (5.2) shows that the surface

area of an agglomerated particle increases by coagulation (first right-hand side, RHS, term)

and decreases by sintering (second RHS term) and with A = a-Nequation (5.2) becomes:
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^ = -±(A-N.a.) (5.3)
dt x0

where A (m2/kggas) is the total particle area concentration (Koch and Friedlander, 1991). The

evolution of the volume, v (m3), of an agglomerated particle is:

dv 1 dN
— = v (5.4)
dt N dt

and with V = vNequation (5.4) becomes:

^
= 0 (5.5)

dt
v '

where V (m3/kggas) is the total particle volume concentration which is constant during the

whole process. The primary particle diameter, dp, the number of primary particles per

agglomerate, np, and the agglomerate diameter, da, are (Kruis et al., 1993):

6v

dp=— (5.6)
a

a3
nn = (5.7)

p 367TV2
V ;

da=dD(nD1/Df) (5.8)

Equations (5.1), (5.3), and (5.5) can be further transformed as follows:

dZ dZ dx dZ
^T

— = = —u where Z =

N, A, V (5.9)
dt dx dt dx

where u (m/s) is the axial gas velocity profile of the spray as a function of height above the

nozzle (HAN), x, and is obtained from a correlation for turbulent jets issuing from a round

nozzle (Bejan, 1984) corrected for the spray flame temperature:
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u0-^ x/d<5.27
0

T(0)

"= <

5.27u0 T(x)

x/dn 'T(O)

(5.10)

x/d„ >5.27

where d„, is the assumed average equivalent jet diameter (5 mm), T(x) (K) is the temperature

at x and T(0) (K) is the gas reference temperature at x = 0 cm (298 K) of the nozzle. Up to a

ratio ofx/d„ < 5.27 the exit gas velocity, u0 (m/s), is calculated by the ratio oîF/(wdn2) where

the total gas flow rate, F, is 77 and 170 1/min for the 100 and 300 g/h spray, respectively,

including the generation of gas by combustion of the liquid Zr-precursor and the EtOH

solvent. Equations (5.1) and (5.3) are solved by VODPK software (Brown et al., 1989; Brown

and Hindmarsh, 1989; Byrne, 1992) with the initial conditions (x = 0 cm (100 and 300 g/h);

x = 5 cm (100 g/h) and x = 7.5 cm (300 g/h)): N = N0 = ((S/1000)-cNA)/(Fpgas(0)), V = V0,

A = Ao, where No is the initial monomer (molecule) concentration of ZrÛ2, and A0 and Vo are

the equivalent-sphere surface area and volume, respectively, of all ZrÛ2 molecules

(Appendix D: Computer code).

This model is attractive for its simplicity, computational efficiency and accuracy (within

10%>) for predicting the particle diameter in gas phase processes especially at high

temperatures (Spicer et al., 2002, Fig. 7).

Droplet evaporation is assumed to be instantaneous as no hollow particles are observed

in this process though thermophoretic sampling close to the nozzle indicated the presence of

uncombusted droplets as it will be discussed later on. Instantaneous conversion of the

precursor to ZrÛ2 is justified, as precursor could not be observed by FTIR higher up in the

flame or on the collected product particles. The rapid evaporation and reaction assumptions

are evaluated by examining particle formation to start at x = 0 cm or at x = 5 and 7.5 cm for

100 and 300 g/h ZrÛ2 production rates, respectively (Appendix E). The x = 5 or 7.5 cm

correspond to 2.5 cm below the first particle sampling position for each production rate. The

assumption of constant Df hardly affects the estimated average primary and agglomerate

particle size (Akhtar et al., 1994).
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5.3.2. Characteristic sintering time

Expressions relating the characteristic time for sintering to temperature and primary particle

size are derived from so-called initial stage sintering models that describe the center-to-center

approach and neck growth between two equal-sized spheres (Coblenz et al., 1980). The

curvature between the spheres disappears when the ratio of the neck length, x„, to the initial

sphere radius, rp (= dp/2), reaches 0.83 which is considered as the completion of sintering

(Kobata et al., 1991). For ZrÛ2 grain boundary diffusion is the dominant sintering growth

mechanism which is three to four orders of magnitude faster than volume diffusion

(Brossmann et al., 1999). Therefore, the characteristic sintering time for grain boundary

diffusion can be expressed by (Coblenz et al., 1980):

RT
(d

v
2

j

xs =0.001703—^—J— (5.11)
wDbjQ.

where R (J/mol-K) is the universal gas constant, w is the grain boundary width which is

5-10"10 m (Brossmann et al., 1999), Db (m2/s) is the grain boundary diffusion coefficient,

y (J/m2) the surface tension according to Rösner-Kuhn et al. (1999), and

Q= 2.01998-10"5 m3/mol the molar volume of zirconia. The Db for ZrÛ2 is:

Db=D0exp(-|] (5.12)

where, D0 (m /s) is the grain boundary diffusion pre-exponential factor and E (J/mol) is the

activation energy. Here, the Db proposed by Madeyski and Smeltzer (1968) is used with a pre-

exponential factor of 9.73-10"7 m2/s and an activation energy of 2.33-105 J/mol after a detailed

evaluation of these material properties (Appendix F).
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5.4. Results and discussion

5.4.1. Zirconia sprayflame characteristics

Increasing the liquid (solution) feed rate from 27.1 to 81.1 ml/min (increasing the ZrÛ2

production rate from 100 to 300 g/h) increases the spray flame height from 13 to 37 cm.

Figure 5.1 shows line-of-sight centerline temperature profiles of these two particle-laden ZrÛ2

spray flames. The spray flame height increases when increasing the powder production rate

(by increasing the liquid feed rate) leading to higher temperatures for the 300 than for the

100 g/h spray flame (Fig. 5.1). This increase of the liquid feed rate by a factor of 3 increases

the supplied fuel energy to the spray by a factor of 3 prolonging the time for fuel combustion

and nearly tripling the spray flame height (13 to 37 cm).

For both spray flames, the maximum temperature is measured very close to the nozzle

tip (100 g/h Zr02, 2610 K at x = 0.5 cm; 300 g/h Zr02, 2765 K at x = 2.5 cm). The 100 g/h

spray flame temperature decreases by about 110 K/cm up to x = 12.5 cm (end of the luminous

part of the flame) and above that by 45 K/cm. The temperature of the 300 g/h spray decreases

by about 85 K/cm up to x = 7.5 cm while above that by about 30 K/cm. The high temperature

close to the nozzle tip results from the supporting CH4/O2 diffusion flame since visible spray

ignition takes place at this location. The measured temperatures are close to that of Mädler et

al. (2002) who measured by FTIR a maximum temperature of 2620 K at x = 0.7 cm in a much

smaller SiÛ2 particle-laden spray flame using O2 as dispersion gas at 1 bar pressure drop

across the nozzle tip. Kilian and Morse (2001) measured ZrÛ2 and AI2O3 spray flame

temperatures using an optical technique in the range of 2300 to 3000 K depending on the

precursor solution and on the position in the flame. Here, a temperature evaluation closer to

the nozzle tip (x < 0.5 cm (100 g/h) and x < 2.5 cm (300 g/h)) by FTIR spectroscopy was not

possible since the dense precursor droplet concentration resulted in considerable IR

absorption and a weak signal to noise ratio (Appendix G). The flame temperature decreased

by radiation and entrainment of sheath gas (15 1/min O2) which dilute and cool the spray

flame. The measured temperature gradients are comparable to those in gas-fed flames, where

up to 200 K/cm were measured in SiÛ2 producing diffusion flames (Chapter 1) and about

100 K/cm in TiÛ2 producing premixed flames (Kammler et al., 2003).
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Fig. 5.1: Flame temperature profiles ofZrO2 particle-laden sprayflames measured along the

centerline by Fourier transform infrared (FTIR) spectroscopy for ZrO2 production rates of

100 (triangles) and 300 g/h (circles) and their corresponding regression lines (100 g/h Zr02,

solid line; 300 g/h Zr02, broken line).

Furthermore, the lines in Fig. 5.1 are the regressions used in the calculations (100 g/h ZrÛ2,

solid line; 300 g/h ZrÛ2, broken line) based on a piecewise linear temperature profile. Both

temperature profiles are approximated to decrease linearly down to 500 K followed by a

constant temperature down to the bypass filter location at x = 100 cm which is in agreement

to thermocouple measurements on the glass fiber filter. For the 100 g/h spray flame the

temperature profile (solid line) is approximated by: T = 4664-x + 298 (for 0 cm < x < 0.5 cm),

T = -90-x + 2675 (for 0.5 cm < x < 2.5 cm), T = -140-x + 2800 (for 2.5 cm < x < 7.5 cm),

T = -84-x + 2380 (for 7.5 cm < x < 12.5 cm), T = -46.67-x + 1913.3 (for 12.5 cm < x <
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30.3 cm), and T = 500 (for 30.3 cm < x < 100 cm). The 300 g/h spray flame temperature

profile (broken line) is approximated by: T = 986.8-x + 298 (for 0 cm < x < 2.5 cm),

T = -86-x + 2980 (for 2.5 cm < x < 7.5 cm), T = -28.235-x + 2546.8 (for 7.5 cm < x <

72.5 cm), and T = 500 (for 72.5 cm < x < 100 cm).

5.4.2. Formation and growth ofFSP-made ZrO2

In contrast to gas-fed flame aerosol reactors, with spray flames TS is only possible at

locations where the droplets are completely evaporated e.g. at and above x = 7.5 and 10 cm

for the production rate of 100 and 300 g/h, respectively, otherwise the carbon coated TEM

grids are destroyed by burning droplets depositing on them. Therefore, monitoring the

evolution of particle growth in the early stages of the spray flame is not possible.

Figures 5.2 and 5.3 show TEM pictures from TS along the flame axis (x), as well as

from the powder collected on the filter for both production rates. No hollow particles or shell

fragments are observed throughout the process. The primary particle size increases with

increasing x for both production rates by gas phase or surface reaction, coagulation, and

sintering as in gas-fed premixed flames (Arabi-Katbi et al., 2001; Kammler et al., 2003;

Pratsinis et al., 2000). In the luminous part of the spray flames, single spherical particles are

observed, while further downstream agglomeration of primary particles can be seen, starting

approximately at x = 15 cm (Fig. 5.2) for the 100 g/h flame and at about 40 cm (Fig. 5.3) for

the 300 g/h flame. However, limited necking between those broadly-sized primary particles is

observed indicating a low degree of agglomeration (detail TEMs in Figs 5.2, 5.3, and

Appendix H). Similarly, agglomerates are observed in the powder collected on the filter

where product particles made at 100 g/h consist of very small highly agglomerated particles

as well as weakly agglomerated ones (Fig. 5.2f). Only limiting necking between the primary

particles is observed for particles made at 300 g/h (Fig. 5.3) without the small, highly

agglomerated fraction which is observed for powder made at 100 g/h. The temperatures of the

spray flames are high enough (Fig. 5.1) for complete particle coalescence and also the particle

residence times are longer than the characteristic sintering time for ZrÛ2 so that agglomerates

are not observed in the luminous part of the spray. Further downstream, the temperature of the

100 g/h spray flame is too low (1000 K at x = 20 cm) for complete particle coalescence
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resulting in agglomerated product powder while the temperature of the 300 g/h spray is still

high enough (1400 K at x = 40 cm) for almost complete particle coalescence.

100g/hZrO2

Vi-*-* r<. \
" 4

15 cm

10 cm b:l^cy&^ 20 cm : i^Â. f• -ji*- * »ar.:*
i . . '-T a?5 ÜL

12.5 cm

Fzg. 5.2: ZrO2 particles collected by thermophoretic sampling at x = 7.5, 10, 12.5, 15, 20 cm

height above nozzle (HAN), andproductpowder (filter) at aproduction rate of 100 g/h.
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Particles made at 300 g/h are significantly larger than those made at 100 g/h at all

locations and on the filter (Figs 5.2 and 5.3). Increasing the production rate by increasing the

liquid feed rate results in a higher enthalpy content of the flame that leads to longer particle

residence times at high temperatures (Fig. 5.1) increasing the particle sintering rate resulting

in the formation of larger particles. Furthermore, the precursor concentration increases and

therefore the ZrÛ2 concentration leading to faster coagulation and therefore enhanced particle

growth that increases the particle diameter especially when complete coalescence takes place

(Pratsinis, 1998).

Figures 5.4 and 5.5 show the evolution of the primary particle size distribution (PPSD)

obtained from TEM image counting (Figs 5.2 and 5.3) for ZrÛ2 production rates of 100

(triangles) and 300 g/h (circles). The PPSDs are shifted to larger sizes with increasing x

similar to TiÛ2 particle growth in gas-fed flames (Arabi-Katbi et al., 2001; Kammler et al.,

2003). For both production rates, it is observed that the PPSDs become narrower with

increasing x. This is different to gas-fed flames (Arabi-Katbi et al., 2001; Kammler et al.,

2002) where the PPSDs become broader with increasing height above burner by possible

inclusions of particles at different residence times and temperature histories in the sample

(Arabi-Katbi et al., 2001). In spray flames, in contrast, droplet evaporation, precursor release,

and particle formation take place within the first part of the flame leading to wide PPSDs as

primary particles are formed at different locations within the flame having different residence

times at high temperature while further downstream, when the precursor is completely

released from the droplets, particles grow by coagulation and sintering, thus, decreasing the

PPSD. Particles collected on the filter typically exhibit different residence times as they are

collected from various streamlines corresponding to different temperature and velocity

profiles (Tsantilis et al., 2002), thus, the PPSD become slightly wider (Figs 5.4 and 5.5)

compared to the last TS position on the centerline of the spray flame consistent to gas-fed

flames (Arabi-Katbi et al., 2001; Kammler et al., 2003).

The PPSDs are broader and shifted to larger average particle diameters as the

production rate is increased from 100 to 300 g/h (Figs 5.4 and 5.5) which is also observed in

the TEMs (Figs 5.2 and 5.3). The increase in powder production rate (by increasing the liquid

feed rate) decreases the gas-to-liquid mass ratio (GLMR) increasing the mass median droplet

diameter, d50,3 (Mueller et al., 2003a; Appendix A), thus, increasing the time for complete

droplet evaporation and precursors release leading to prolonged range of primary particle

formation and therefore leading to wider PPSDs.
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Fig. 5.4: Evolution of the primary particle size distribution at x = 7.5, 10, 12.5, 15, 20 cm

height above nozzle (HAN), andproductpowder (filter) for ZrO2production rates of100 g/h.
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above nozzle (HAN), andproductpowder (filter) for ZrO2 production rates of300 g/h.
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This explains also the narrower PPSDs found in gas-fed flames where the precursor is

introduced in its gaseous form, thus, particle formation starts immediately when the precursor

is entering the high temperature zone.

Figure 5.6 shows the evolution (TS/TEM counting (open symbols) and BET-

measurements (filled symbols)) of the corresponding Sauter mean primary particle diameter,

ds (Fig. 5.2 and 5.3), as a function of x for ZrÛ2 production rates of 100 (triangles) and

300 g/h (circles) along with the theoretical model prediction of the ds (solid lines, see section

5.4.3). The standard deviation of multiple reproduction (error bar) is typically so small (< 3%)

that it is smaller than the symbol in the figure. Increasing the powder production rate by

increasing the liquid precursor feed rate increases both the mass concentration of the zirconia

particles and the flame temperature (Fig. 5.1). Higher flame temperatures and higher particle

concentrations favor coagulation and complete sintering of the particles, thus, larger primary

particle diameters (Fig. 5.6) consistent to particle synthesis in gas-fed flame reactors

(Pratsinis, 1998).

The average primary particle diameters are comparable at x = 20 cm (ds = 13.6 nm) and

the filter location (ds = 15.3 nm) for the 100 g/h spray and even equal at x = 40 cm

(ds = 26.7 nm) and the filter location (ds = 26.7 nm) for the 300 g/h spray, indicating that the

primary particle growth stops shortly after the particles leave the luminous part of the flame,

giving way to the formation of agglomerates, as observed by TEM (Figs 5.2 and 5.3). The

primary particles made at 100 g/h (ds =15.3 nm) are smaller by about 60% than the ones

9/^

made at 300 g/h (ds = 26.7 nm). This is consistent with a (300/100) dependence on the mass

or volume aerosol concentration of coagulation-coalescence dominated growth in the free

molecular regime (Koch and Friedlander, 1991).

The corresponding BET-equivalent primary particle diameters (filled symbols in

Fig. 5.6) are similar (300 g/h; circles) or slightly smaller (100 g/h; triangles) than the TEM-

counted Sauter mean primary particle diameters obtained from TEM pictures. A similar

particle diameter as observed for the 300 g/h spray (circles in Fig. 5.6) indicates that the

powders are non-agglomerated or only have a limited degree of agglomeration in agreement

to the TEM observations (Fig. 5.3h). Furthermore, the dp is close to the tetragonal crystal size

obtained from X-ray diffraction (XRD) (Mueller et al., 2003b; Chapter 4) indicating that the

primary particles made at 300 g/h are only weakly agglomerated.
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Fig. 5.6: Calculated evolution of the primary particle Sauter mean diameter along the flame

axis for ZrO2 made at 100 g/h (model: thin line; data: triangles) and 300 g/h (model: bold

line; data: circles). The open symbols are 500-3000 particle counts of TEMfor each point

while filled symbols are nitrogen adsorption data at the filter. The calculations predict well

the evolution of the average primary particle diameter given the model assumptions (neglect

ofdroplet evaporation, rapidprecursor oxidation, andparticle polydispersity).

Typically, in flame synthesis, where agglomerated product powders are formed, the average

primary particle diameter obtained by image analysis of TEM pictures is smaller than that

obtained by BET N2 adsorption, because necking between the particles increases the

corresponding BET particle diameter. For the 100 g/h spray (triangles in Fig. 5.6), however,

the dp is slightly smaller than the Sauter mean primary particle diameter. This was also found

in TiÛ2 producing gas-fed premixed flames by Arabi-Katbi et al. (2001) who measured up to
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20% lower SSAs for TiÛ2 samples when using Ar as adsorption gas consistent with Ross et

al. (1988) for fumed silica powder. Another reason is that small highly agglomerated, sintered

primary particles, which are observed at higher magnifications under TEM (Appendix H), are

more difficult to count which could lead therefore to a larger TEM counted average primary

particle compared to the one obtained by BET.

The evolution of the primary particle geometric standard deviation, agp, as a function of

x (axial distance from nozzle tip) for production rates of 100 (triangles) and 300 g/h (circles)

is shown in Fig. 5.7. At 300 g/h (circles), the <7gp decreases steadily from 1.81 to 1.58 as x

increases from 10 to 40 cm, while for the 100 g/h spray the <7gp decreases from 1.64 to 1.54 as

x increases from 7.5 to 15 cm and then increases to 1.59 at x = 20 cm. Decreasing the powder

production rate from 300 to 100 g/h decreases the <7gp by about 10%. Kammler et al. (2003)

made a similar observation that <7gp increased when increasing the TiÛ2 powder production

rate in premixed flames. At the filter, the <7gp is 1.63 and 1.64 for the 300 and 100 g/h spray,

respectively, in a similar range as found in gas-fed flame aerosol reactors (Arabi-Katbi et al.,

2001; Kammler et al., 2003). The filter collects all particles, not just those formed on the

flame axis, therefore the PPSD is broader which is in agreement with the PPSDs shown in

Figs 5.4 and 5.5.

For all investigated locations and also for the filter powders, the <7gp is always above the

1.45, the self-preserving limit for coagulation (Vemury and Pratsinis, 1995). Arabi-Katbi et

al. (2001) found that the <7gp was below that limit within the luminous part for a Ti02-laden

flame while TiÛ2 particles collected on the filter had a <7gp near or slightly above the self-

preserving limit (1.45 to 1.5). Furthermore, in gas-fed flame aerosol reactors (Arabi-Katbi et

al., 2001; Kammler et al., 2003) the <7gp increases continuously with increasing distance from

the burner since mixing with other gas streamlines is increased and at the same time the

temperature is decreased, thus broadening the PPSD as the temperature is not high enough for

particle sintering. In contrast, in the first part of the spray flame particle formation takes place

along with droplet evaporation leading to wide PPSDs. Further downstream in the spray

flame, when the precursor is completely released from the droplets, particle growth takes

place by coagulation and sintering since the temperature is quite high (Fig. 5.1), thus,

decreasing the <7gp (Fig 5.7). At high production rates (300 g/h), the time for complete droplet

evaporation and precursor release is increased leading to particle formation over longer x and

therefore to higher <7gp compared to the 100 g/h spray (Fig. 5.7).
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The (jgp of the PPSD at the end of the luminouspart of the flame (x = 12.5 cmfor the 100 g/h

andx = 40 cmfor the 300 g/h) is not differentfrom that collected on the filter.

5.4.3. Particle dynamics and comparison with experimental data

Figure 5.6 shows the evolution of the ds as predicted by the proposed model using as initial

condition x = 0 cm for a ZrÛ2 sintering time based on the approach of Coblenz et al. (1980)

and for ZrÛ2 sintering diffusion coefficient given by Madeyski and Smeltzer (1968), along

with the experimental measurements for a ZrÛ2 powder production rate of 100 g/h (triangles)

and 300 g/h (circles). Assuming complete evaporation and conversion to ZrÛ2 of the
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precursor at x = 0 or 5 and 7.5 cm (2.5 cm below the lowest sampling points of the 100 and

300 g/h spray flame, respectively) affects the evolution of the Sauter mean primary particle

diameter only at x < 10 and 20 cm (for the 100 and 300 g/h spray flame respectively), while

later on in the spray flame the primary particle diameter becomes quite similar (within 1 nm)

independent of the starting locations (Appendix E).

The model predictions show the growth of the ds in the region (x < 40 cm) of high

temperatures (Fig. 5.1) where sintering is enhanced and leads to an increase of the primary

particle diameter until an asymptotic value is attained, above which primary particle growth

stops (Fig. 5.6). The TEMs (Figs 5.2 and 5.3) imply that even further downstream

agglomerates are formed, in accordance with the sharp increase of the average number of

primary particles per agglomerate, np, as well as the agglomerate collision diameter predicted

from the model (Fig. 5.8). The evolution of the primary particle diameter and that of the

powder collected on the filter is predicted reasonably well by the proposed model (Fig. 5.6)

given its assumptions (neglecting droplet evaporation and precursor release, monodisperse

primary and agglomerate particles, etc.). For example, monodisperse coagulation-sintering

models underpredict by about 10% accurate polydisperse ones in vapor-fed flame aerosol

reactors (Tsantilis et al., 2002). The agreement of model and data at the filter is surprisingly

good for both production rates given that particles of different growth history are collected

there. Probably errors from the model assumptions (particle polydispersity and radial uniform

residence time distribution) compensate each other.

The degree of agglomeration reflected by the number of primary particles per

agglomerate is an important quality index in a number of applications. Figure 5.8 shows the

evolution (along the centerline of the spray flame at starting condition x = 0 cm) of the ZrÛ2

agglomerate collision diameter, da, (thin line) and the number of ZrÛ2 primary particles per

agglomerate (bold line) along with the experimental evolution of the agglomerate diameter

(circles) for a ZrÛ2 production rate of 300 g/h. The bar around the experimental data point

refer to one standard deviation of the agglomerate distribution below and above the average

agglomerate diameter.

Agglomerates start to form very close (x < 0.5 cm) to the nozzle tip (Fig. 5.8). Here,

low to moderate temperatures (Fig. 5.1) and high particle number concentration prevails,

promoting particle coagulation, rather than rapid sintering. Further downstream (x ~ 2.5 cm)

as the spray flame temperature increases agglomerates fully coalesce into spherical particles

(number of primary particles per agglomerate, np, equal to one), in agreement with TEM

observation (Fig. 5.3).
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centerline of the spray flame, thin line) and the number of Zr02 primary particles per

agglomerate (bold line) as predicted by the proposed model (starting condition at x = 0 cm)

for a Zr02 production rate of 300 g/h. Furthermore, the evolution of the measured

agglomerate collision diameter (circles) at different locations along the spray flame is

presented.

Nevertheless, agglomeration takes over again (np> 1) following the steady decrease of the

temperature (Fig. 5.1) and sintering rate. The location in the spray flames (x = 40-50 cm)

where agglomeration takes over again (Fig. 5.8) corresponds to spray flame temperatures of

around 1000 K (Fig. 5.1). This temperature is consistent with the start of agglomeration in the

ZrÛ2 spray flame producing 100 g/h. The steep cooling of the spray flame with increasing x

enhances agglomerate formation (np = 40), which is consistent with TEM on the filter

(Fig. 5.3h). The experimental evaluation of the average agglomerate diameter (circles,

Fig. 5.8) investigated for the ZrÛ2 spray flame producing 300 g/h, is slightly higher than the
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predicted agglomerate collision diameter (thin line, Fig. 5.8) but still in good agreement also

to TEM (Fig. 5.3). This slight underprediction can result from neglecting the polydispersity of

the agglomerates by the model (Tsantilis et al., 2002).

These results indicate that the present simple model can be used to guide reactor design

and operation through the prediction of the degree of agglomeration and the agglomerate

collision diameter for the product powder. The model describes well the coagulation-

controlled part of the spray flame but has to be extended to study the early formation and

growth of the particles.

The evolution of the measured agglomerate geometric standard deviation, <7ga, is within

1.7-1.9 and 1.5-1.7 for the 100 and 300 g/h spray flames, respectively, indicating attainment

of the self-preserving distribution of agglomerates ofDf= 1.8 (Vemury and Pratsinis, 1995).

5.5. Conclusions

The evolution of ZrÛ2 primary particle and agglomerate growth in spray flames was

investigated experimentally by in-situ thermophoretic sampling (TS) and counting 500-3000

particles by TEM image analysis in combination with Fourier transform infrared (FTIR)

spectroscopy and theoretically by aerosol coagulation and sintering neglecting precursor

evaporation, conversion and particle polydispersity. Increasing the ZrÛ2 powder production

rate from 100 to 300 g/h increased the product primary particle diameter from 12 to 26 nm, in

agreement to model predictions indicating that primary particle growth is dominated by

coalescence. The geometric standard deviation of the primary particles, <7gp, decreased

continuously with increasing height above nozzle for both production rates, indicating that the

difference in particle residence time histories from droplet evaporation and precursor release

had resulted in broad particle size distributions early on in the flame. Further downstream,

coagulation and sintering reduced the <7gp continuously while the collected particle size

distribution on the filter was broadened slightly again arising from mixing of particles formed

at different streamlines. The simple model predicted well the evolution of the agglomerate

collision diameter also indicating that coagulation and sintering may determine solid particle

formation in liquid-fed as well as vapor-fed flame aerosol reactors.
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5.6. Notation list

A

A,

a

as

BET

c

Db

Df

Do

da

d„

dp

dp

ds

d50,3

E

F

FTIR

GLMR

HAN

IR

L

N

NA

No

nP

PPSD

R

RHS

total particle area concentration (m2/kggas)

initial area of zirconia molecules (m2/kggas)

area of agglomerated particle (m )

area of spherical agglomerate (m2)

Brunauer Emmett Teller

precursor concentration (M)

grain boundary diffusion coefficient (m /s)

mass fractal dimension

grain boundary diffusion pre-exponential factor (m2/s)

agglomerate diameter (nm)

average equivalent jet diameter (m)

primary particle diameter (nm)

BET-equivalent average primary particle diameter (nm)

Sauter mean primary particle diameter (nm)

mass median droplet diameter (|im)

activation energy (J/mol)

dispersion gas flow rate (1/min)

Fourier transform infrared

gas-to-liquid mass ratio

height above nozzle (cm)

infrared

agglomerate length

total zirconia number concentration (# particles/kggas)

Avogadro number (#/mol)

initial concentration of zirconia molecules (molecules/kggas)

number of primary particles per agglomerate

primary particle size distribution

universal gas constant (J/mol-K)

right-hand-side

sphere radius (m)
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S

SSA

T(0)

T(x)

TEM

TS

t

u

Uo

V

Vo

V

W

w

XRD

x

x„

Z

liquid solution feed rate (ml/min)

specific surface area (m2/g)

gas reference temperature (K)

temperature (K)

transmission electron microscopy

thermophoretic sampling

time (s)

axial average gas velocity (m/s)

exit gas velocity (m/s)

total particle volume concentration (m3/kggas)

initial volume of zirconia molecules (m /kggas)

volume of agglomerated particle (m3)

agglomerate width

grain boundary width (m)

X-ray diffraction

axial distance from nozzle tip

neck length (m)

function

Greek Letters

ß

Y

Pgas

Pgas(O)

Pp

°gp

<v

Xs

Q

collision kernel between agglomerates (m /s)

surface tension (J/m2)

gas density (kg/m )

gas density at T = 298 K (kg/m3)

particle density (kg/m3)

geometric standard deviation of primary particles

geometric standard deviation of agglomerates

characteristic sintering time (s)

molar volume (m /mol)
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6. Research recommendations

There is a growing demand on inexpensive synthesis of so-called tailor-made nanoparticles

for special applications; e.g. non-agglomerated nanoparticles are attractive for a number of

applications including ceramics, composites, and electronics (Pratsinis, 1998). Typically these

particles are made by wet chemistry, a costly process which may give powder of limited

consistency and purity (Pratsinis and Mastrangelo, 1989) during large scale manufacture as

they involve many process steps. The synthesis of such non-agglomerated silica nanoparticles

in a laboratory diffusion flame aerosol reactor is successfully demonstrated at production rates

up to 17 g/h (Chapter 1). There is a great need to extend the existing scale-up correlation for

flame aerosol reactors (Wegner, 2002) to cover a broad spectrum of flame configurations and

also to extend it towards larger production rates as today nanoscale commodities are routinely

manufactured at production rates up to 25 t/h (Pratsinis, 1998).

Combustion of sprays is quite attractive for the synthesis of functional nanoparticles as

it can utilize a broader spectrum of liquid precursors than conventional vapor flame reactors

to make materials with unique characteristics and properties that are made up to now either by

cumbersome wet-phase processes or cannot be made at all. Using organic solvents as liquid

fuel leads to a self-sustaining spray flame. This so-called flame spray pyroylsis process (FSP)

has the potential to produce composite mixed-metal oxide powders in the size range of 1 to

200 nm from low cost precursors (Narayanan and Laine, 1997). The potential to synthesize

nanosized powders even at high production rates (up to 1.1 kg/h) by FSP is shown in

Chapter 3 and 4. At the moment, the analysis of the product powder is performed mainly after

the final product has been formed. However, the control of particle characteristics during

flame synthesis is crucial since properties of the final product made from these particles

depend on their particle size and size distribution, morphology, degree of agglomeration as

well as chemical and phase composition (Pratsinis, 1998). Fundamental understanding and

control of particle growth within the hot zone of the flame can only be obtained by in-situ

and, whenever possible, non-intrusive monitoring of the flame temperature and real-time

assessment of local product primary and agglomerate particle properties, e.g., size

distribution, morphology, number density, and specific surface area.

The evolution of particle growth in spray flames is investigated by in-situ

thermophoretic sampling (TS) followed by image analysis of transmission electron
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microscope (TEM) pictures as shown in Chapter 5. Furthermore, detailed particle-laden

temperature profiles are measured by non-intrusive Fourier transform infrared (FTIR)

spectroscopy and the particle growth is described theoretically with a monodisperse model

accounting for coagulation and sintering (Chapter 5). However, to better understand the

complex particle formation process within the FSP and optimally design this process, it

requires along with TS and spray flame temperature measurements: precursor droplet tracking

(velocity and lifetime) by non-intrusive phase Doppler anemometry (PDA) and to complete

the picture, on-line information of the agglomerate structure is needed. The application of

non-intrusive light-scattering (LS) techniques and intrusive on-line probing using a

differential mobility analyzer (DMA) will allow investigating this very closely. Another

promising technique for identifying and measuring the degree of agglomeration is small-angle

X-ray scattering (SAXS) (Kammler et al., 2003), which could be applied non-intrusively

directly in the flame.

Better theoretical understanding and experimental measures to diagnose droplet

evaporation, particle growth, and agglomerate formation would lead to tailor-made

nanostructured particles. These data would lead to more accurate predictions of the evolution

of primary particle sizes by expanding the proposed monodisperse model described in

Chapter 5.

Finally, in industrially scaled processes of nanoparticle productions there is a strong

coupling of particle dynamics with fluid mechanics, usually imposed by geometric

complexity and extreme process conditions as for instance turbulent flames. Consequently,

combining aerosol dynamics, especially from FSP, with computational fluid mechanics

simulators (using commercial CFD packages for example) has tremendous potential and may

provide useful insight in designing process operating conditions (Wegner et al., 2002).

Additionally, more detailed quantitative information regarding temperature and velocity

profiles can be extracted from CFD and subsequently used into aerosol dynamics calculations

(Johannessen et al., 2000).
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Appendix A:

A. Gas-to-liquid mass ratio (GLMR)

The droplet size distribution is measured by Fraunhofer laser diffraction spectrometry

(SymapTec Helos) 5 cm above the nozzle (Düsen-Schlick GmbH, Germany, 970/4-S32) in

the absence of combustion. The water or ethanol (EtOH) is atomized using air or O2 as

dispersion gas. The liquid feed rate was 2.5-80 ml/min, while the air or O2 flow rate was 12.5-

50 1/min.

Figure A.l shows the measured median droplet mass diameter, d50,3, as a function of the

water liquid feed rate for different air dispersion gas flow rates at a constant pressure drop of

1 bar across the nozzle tip. Increasing the liquid feed rate increases the d50,3 continuously at a

constant dispersion gas flow rate. When increasing the dispersion gas flow rate at a constant

liquid feed rate, the d50,3 is decreased. For example, at a water liquid feed rate of 20 ml/min

the d50,3 decreases from 33 to 23 to 16 and to 14 urn when increasing the air dispersion gas

flow rate from 15 to 30 to 40 and to 50 1/min (Fig. A. 1). Similar d50,3 are obtained when using

02 instead of air while the d50,3 is smaller by about 60% when using EtOH as liquid since the

surface tension of EtOH is smaller compared to water. For example, at a liquid feed rate of

20 ml/min the d50,3 of EtOH is 8 urn when using an air dispersion gas flow rate of 50 1/min

while it is 14 urn when using water.

Additionally, the dispersion characteristics of the spray are investigated as a function

of the gas-to-liquid mass ratio (GLMR). Figure A.2 shows the measured median droplet mass

diameter, d50,3, of a cold water spray as a function of the gas-to-liquid mass ratio (GLMR) for

different air dispersion gas flow rates at a constant pressure drop of 1 bar across the nozzle

tip. For GLMRs above 5 the droplet sizes are similar ranging from 14 to 20 urn independent

of the dispersion gas flow rate while for lower GLMRs the d50,3 increases dramatically

(Fig. A.2) in agreement with air-assisted nozzle sprays (Lefebvre, 1989). For GLMRs > 1.5

droplet size distributions are log-normal having a geometric standard deviation, <7g, of around

1.9. For GLMRs < 1.5 the droplet size distribution becomes bi-modal and the geometric

standard deviation increases continuously when increasing the GLMR.
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Fig. A.l: Median droplet mass diameter (dsoj) of a cold spray as a function of the water

liquidfeed ratefor different air dispersion gasflow rates. The pressure drop across the nozzle

tip is kept constant (1 bar) regardless ofthe dispersion gasflow rate.

For example, a spray generated with an air dispersion gas flow rate of 20 1/min and an

EtOH feed rate of 33.3 ml/min corresponds to a GLMR of 1 and results in a d503 of 37 urn

and a <7g of 2.25. For GLMRs > 1.5, the d503 of the cold EtOH/air spray is about 10 urn

having a log-normal size distribution (Chapter 3).
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Dispersion gas flow rate

-àr 15 l/min

-B- 30 l/min

-•- 40 l/min

^O- 50 l/min
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Gas-to-liquid mass ratio (GLMR)

25

Fig. A.2: Median droplet mass diameter (dsoj) ofa cold water spray as afunction of the gas-

to-liquid mass ratio (GLMR) for different air dispersion gas flow rates. The pressure drop

across the nozzle tip is kept constant (1 bar) regardless ofthe dispersion gasflow rate.

A.l. References

Lefebvre, A. H., Atomization and Sprays, Taylor & Francis, London (1989).
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Appendix B:

B. Adiabatic spray flame temperatures

The adiabatic flame temperature for constant-pressure combustion is defined as follows:

Hreact(T,,p) = Hprod(Tad,p) (B.l)

where the absolute enthalpy of the reactants, Hreact, at the initial stage (T = 298 K, p = 1 atm)

is equal to the absolute enthalpy of the products, Hproci, at the final stage (T = Tad, p = 1 atm)

(Turns, 1996). Conceptually, the definition of the adiabatic flame temperature is simple,

however, evaluating equation (B.l) quantitatively requires knowledge of the composition of

the combustion products. At typical flame temperatures, the products dissociate and the

mixture is comprised of many species (Turns, 1996). Here, complete combustion (no

dissociation) is assumed, meaning that the product mixture consist only of CO2 and H20.

Equation (B.l) can be expressed as:

Hreac. = En,hCil = Hprod = Xnjhcj (B.2)
react prod

Here, Hreact is composed of the enthalpy of the precursor mixture, Hprec, and of the supporting

flame, Hflame.

Hreact = X^c,! = Hprec + Hflame (B 3)
react

The enthalpy of the products can be expressed by specific heat capacities:

Tad

Hprod =Znj JcPJ(T)dT (B-4)
prod T=298K

Solving equation (B.l) along with (B.4) results in the adiabatic spray flame temperature.
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B.l. Si02 spray flames

In these spray flames, hexamethyldisiloxane (HMDSO) is used as precursor and ethanol

(EtOH) as additional fuel. The molar ratio between EtOH and HMDSO was 10, 1 and 0 (pure

HMDSO), resulting in solutions of 1.26 (26.7 vol% HMDSO in EtOH), 3 (64.5 vol%

HMDSO in EtOH), and 4.7 M HMDSO (100 vol% HMDSO). The liquid precursor solution

feed rate is varied from 5.55 to 33.3 ml/min resulting in silica production rates from 50 to

1132 g/h. The O2 dispersion gas flow rate is varied from 12.5 to 50 1/min while additional

sheath O2 of 25 1/min is supplied in some cases through a sintered metal plate. Additionally, a

supporting diffusion flame is formed by flowing 2.0 1/min methane (CH4) and 4.5 1/min O2

through two stainless-steel annuli surrounding the nozzle (Mueller et al., 2003a; Chapter 3).

The complete stoichiometric combustion equations can be written as follow:

HMDSO: C6H18OSi2 +1202 = 2Si02 + 6C02 + 9H20

EtOH: C2H60 + 302 = 2C02 + 3H20 (B.5)

Methane: CH4 + 202 = C02 + 2H20

The mole flow rates (mol/min) ofHMDSO and EtOH are:

Mhmdso = F ' v0'%hmdso ' Phmdso /MWHMDSO (B.6a)

MEtOH =F (1-vol%HMDSO)pEtOH/MWEtOH (B.6b)

where F is the liquid precursor feed rate (L/min), p, is the density of species i (j?hmdso =

0.764 kg/1; pstOH
= 0.79 kg/1) and MW, is the molecular weight of species i (MWhmdso =

162 g/mol; MWEtOH = 46 g/mol). The combustion enthalpy of HMDSO, EtOH, and CH4 is

-5895 kJ/mol (Briesen et al., 1998), -1366.8 kJ/mol, and -890.4 kJ/mol (Felder and Rousseau,

1986) resulting together with equation (B.6) and the mole flow rate of CH4 in the total

enthalpy of reactants, Hreact.

The total enthalpy of the products is calculated according equation (B.4) using the

specific heat capacities of the gases as a function of temperature (Felder and Rousseau, 1986):
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cp =a + bT + cT2+dT3 (B.7)

where the constants a, b, c, and d are given in Table B.l.

Table B.l: Specific heat capacity constants of various species in °C (Felder and Rousseau,

1986). The specific heat capacity, cp, is given in J/mol °C

Species a b c d

C02 36.11 4.233-10"2 -2.887-10"5 7.464-10"9

H20 33.46 0.6880-10"2 0.7604-10"5 7.464-10"9

02 29.10 1.158-10"2 -0.6076-10"5 -3.593-10"9
*

Si02 14.41 1.94-10"3 - -

*

Zr02 16.64 1.8-10"3 -3.36-10"5/T4 -

* from Weast and Astle (1983), heat capacity factors in K and heat capacity in cal/g mole.

Solving equation (B.l) along with (B.4) using the software Mathematica 4.1 results in

the adiabatic spray flame temperature (Table B.2) which depends strongly on the liquid

precursor feed rate and the dispersion gas flow rate.
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Table B.2: Adiabatic SiO2 sprayflame temperatures.

Precursors cone.

Feed rate

(ml/min)

O2 flow rate

(1/min)

Adiabatic flame

w sheath O2

temperature (°C
w/ sheath O2

1.26 M 11.1 12.5 3397 5447

1.26 M 11.1 50.0 2253 2900

1.26 M 22.2 12.5 4537 5291

1.26 M 22.2 50.0 3243 3988

1.26 M 33.3 12.5 5271 5271

1.26 M 33.3 50.0 3954 4742

3.0M 11.1 12.5 3562 5637

3.0M 11.1 50.0 2364 3043

3.0M 22.2 12.5 4820 5577

3.0M 22.2 50.0 3441 4230

3.0M 33.3 12.5 5564 5564

3.0M 33.3 50.0 4198 5060

4.7 M 11.1 12.5 3729 5914

4.7 M 11.1 50.0 2475 3185

4.7 M 22.2 12.5 5073 5819

4.7 M 22.2 50.0 3620 4444

4.7 M 33.3 12.5 5794 5794

4.7 M 33.3 50.0 4418 5332

B.2. Zr02 spray flames

The calculation for ZrÛ2 spray flames is similar. Here zirconium n-propoxide (Zr(C3H70)4,

ZrP, 70 wt% in n-propanol) is used as precursor and is dissolved in EtOH resulting in

precursor solutions of 0.5 and 1 M. The liquid precursor solution feed rate ranged from 6.8 to

81.1 ml/min resulting in ZrÛ2 production rates from 50 to 600 g/h. The O2 dispersion gas flow

rate is 25 or 50 1/min while additional sheath O2 of 15 1/min is supplied in all experiments

through a sintered metal plate. The same supporting diffusion flame (2.0 1/min CH4 and

4.5 1/min O2) is formed around the nozzle (Mueller et al., 2003b; Chapter 4).
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The complete stochiometric combustion equations can be written as follow:

ZrP: C12H2804Zr + 1802 =Zr02 +12C02 +14H20

Propanol: C3H80 + 4.502 =3C02 + 4H20

EtOH: C2H60 + 302 = 2C02 + 3H20 (B.8)

Methane: CH4 + 202 = C02 + 2H20

The mole flow rates are calculated similar as described in equation (B.6). The

combustion enthalpy of ZrP and propanol is -8054 kJ/mol and -2010.4 kJ/mol, respectively

(Felder and Rousseau, 1986). Again, the specific heat capacity is calculated according

equation (B.7) using the heat capacity constants given in Table (B.l). The adiabatic ZrÛ2

spray flame temperatures are calculated similarly as described for the SiÛ2 spray flames and

are presented in Table B.3.

Table B.3: Adiabatic ZrO2 sprayflame temperatures.

_,
Feed rate O2 flow rate Adiabatic flame temperature

Precursors cone.
, ,,

. . m \ so^\

(ml/min) (1/min) (°C)

3522

2705

4659

3785

5017

4485

5000

5000

5000

2669

1953

3605

2780

4723

3874

4970

4558

4959

4959

4959

4959

0.5 M 13.5 25.0

0.5 M 13.5 50.0

0.5 M 27.1 25.0

0.5 M 27.1 50.0

0.5 M 40.6 25.0

0.5 M 40.6 50.0

0.5 M 54.1 25.0

0.5 M 54.1 50.0

0.5 M 67.8 50.0

1.0M 6.8 25.0

1.0M 6.8 50.0

1.0M 13.5 25.0

1.0M 13.5 50.0

1.0M 27.1 25.0

1.0M 27.1 50.0

1.0M 40.6 25.0

1.0M 40.6 50.0

1.0M 54.1 25.0

1.0M 54.1 50.0

1.0M 67.8 50.0

1.0M 81.1 50.0
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Appendix C:

C. Particle counting using "Optimas 6.51" software

For each flame location, where particles are collected by thermophoretic sampling (TS), as

well as the product powder (filter), typically 500-3000 primary particles are counted (sampled

on different TEM-grids) using Optimas 6.51 (Media Cybernetics) software that allows

drawing circles around the primary particles. Statistical analysis of the data is performed

according to Hinds (1999). The effect of the number of counts on the evolution of the Sauter

mean primary particle diameter, ds, and the geometric standard deviation, ag, is investigated

according to Tsantilis et al. (2002).

A macro for automatically detecting primary particles on TEM pictures is implemented

into the commercially available Optimas 6.51 software. The macro for counting particles is

semi-automatic as can be seen in Figs C.1-C.3. First of all, an original TEM picture is opened

in Optimas 6.51 software (Fig. C.l). Then the macro is started to detected particles on the

TEM picture automatically. White circles around the particles indicate correctly detected

primary particles while the small white circles are misinterpreted "particles" by the macro

(Fig. C.2). A correction by hand, meaning, deleting the circles of misinterpreted "particles"

and drawing circles around undetected particles leads to the correct evaluation of the primary

particle diameter on the investigated TEM picture (Fig. C.3).

The detailed procedure for using the self-made macro is described in detail by Serby

(2000). The limitation of the macro is on the quality of the TEM picture as well as on the

morphology of the product powder. A good contrast between the particles and the background

as well as nicely dispersed single spherical particles on the TEM picture favor the correct

detection of particles by the macro, however, in any case a correction by hand on each TEM

picture is necessary after the macro is used.
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Fig. Cl: Original TEMpicture ofZrO2 nanoparticles collected by thermophoretic sampling.
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Fig. C.2: TEMpicture ofZrO2 nanoparticles collected by thermophoretic sampling after the

macro is used. The white circles around some single particles indicate correct detected

particles while white small circles are misinterpreted "particles
"

by the macro.



126

Fig. C.3: TEM picture of ZrO2 nanoparticles collected by thermophoretic sampling after

using the macro and hand-correction. The white small circles of misinterpreted "particles"

are removed (Fig. C.2) and the undetectedparticles (Fig. C.2) are marked with white hand-

drew circles until allparticles on the TEMpicture are interpreted correctly.

C.l. References

Hinds, W. C, Aerosol Technology, John Wiley and Sons, New York (1999).

Serby, D., Software zur Auswertung von TEM-Partikelbildern, Semester Thesis, ETH Zurich,

Switzerland (2000).

Tsantilis, S., H. K. Kammler, and S. E. Pratsinis, "Population balance modeling of flame

synthesis of titania nanoparticles," Chem. Eng. Sei., 57 (12), 2139-2156 (2002).
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Appendix D:

D. Monodisperse code for Zr02 primary and agglomerate particle

growth in spray flames

c Modified Kruis model (Kruis et al., 1993) for Zr02

c Solved for N, A=a*N, V=v*N and per kg gas and distance

c SI Units

c vodkp solver

c program kruis_ZrO2_dst_Vodpk_02_aggl_dn.for
implicit double precision(a-h,o-z)
dimension y(3),iwk(10000),rwk( 10000)
external fen

common /gas/ Aa, Bb, Cc, Dd, Ee, Ff, sM02, epsk, sigma, Gomegav, rhog, ux, dgas
common /particle/ Df, Dfs, sMZr02, D, rhop, rhopO, vO, aO, diO, Gomega, gamma, w

common /const/ Pi, skb, Ru, temp, tempO, press, av, r, feed, prec

common /results/ rp, snp, re

Pi = 3.14159265359d0

c Avogadrosche constant, av [#/mol]:
av = 6.0220453d23

c Universal gas constant, Ru [J/molK] :

Ru = 8.3144d0

c Molecular weight of Si and H2, sMSi and sMH2 [kg/mol]:
sMZr02 = 123.2188d-3

sM02 = 31.9988d-3

c Temperature at standard conditions, tempO [K]:

tempO = 298. dO

c Pressure, press [N/mA2] :

press
= 1.0d5

c Mass fractal dimension, Df [-] :

Df = 1.8d0

Dfs= 1.0d0/Df

c Liquid feed rate, feed [mA3/s]:
feed = 81.1d0/60.d0/1000.d0/1000.d0

c feed = 27.1d0/60.d0/1000.d0/1000.d0
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c Precursor concentration, prec [mol/mA3]:

prec
= 0.5d0*1000.d0

c Total gas flow rate (dispersion + combustion gas), dgas [mA3/s]:

dgas = 170.d0/60.d0/1000.d0

c dgas = 77.d0/60.d0/1000.d0

c Density of the gas at standard conditions, rhogO [kg/mA3]:
rhogO = press*sM02/(Ru*tempO)

c Initial Zr02 concentration, r [no. of molecules/kg gas]:
r = feed*prec*av/(dgas*rhogO)

c Molar volume, Gomega [mA3/mol]:

Gomega = 2.01998d-5

c Hard sphere diameter, sigma [A°]:

sigma = 3.467d0

c Bolzman constant, skb [J/K] :

skb= 1.38066d-23

c epsk = eps/k, [K]:

epsk= 106.7d0

c Particle density, rhop [kg/mA3]:

rhop = 6.1d3

c Monomer volume, vO [mA3]:
vO = sMZr02/(rhop*av)

c Inital particle diameter, [m]:
diO = (6.0dO*vO/Pi)**(1.0dO/3.0dO)

c Monomer surface area, aO [mA2] :

aO = 6.0d0*v0/di0

c Gas parameters, Aa, Bb, Cc, Dd, Ee, Ff [-]:
Aa= 1.16145d0

Bb = 0.14874d0

Cc = 0.52487d0

Dd = 0.77320d0

Ee = 2.16178d0

Ff=2.43787d0

c Initial conditions:

c Initial Zr02 concentration [no. of molecules/kg gas]:

y(l) = r
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c Initial surface area [mA2/kg gas]:
y(2)= aO*r

c Initial volume [mA3/kg gas]:

y(3)= vO*r

c Solver Parameters

rtm= l.OdO

h=1.0d-40

lrw= 10000

liw= 10000

ieq = 5

itol = 1

rtol = 7.d-5

atol= l.d-150

x = 0.d0

imeth = 21

iwk(3) = 0

iwk(4) = 0

itask = 4

i state = 1

OPEN (4, File = 'Results_Vodpk.txt')

c Start of the iteration :

10 if(x.lt.l.d-5)then
xend = x + l.d-7

elseif (x.lt. 1 .d-4.and.x.ge. 1 .d-5) then

xend = x + 1 .d-5

elseif (x.lt. 1 .d-3 .and.x.ge. 1 .d-4) then

xend = x + l.d-4

elseif (x.lt. 1 .d-2.and.x.ge. 1 .d-3) then

xend = x + 1 .d-5

elseif (x.lt. 1 .d-1 .and.x.ge. 1 .d-2) then

xend = x + l.d-4

elseif (x.lt. 1.0d0.and.x.ge. 1 .d-1) then

xend = x + l.d-4

elseif (x.lt.rtm. and.x.ge. 1 .d0) then

xend = x + 1 .d-1

endif

rwk(l) = xend

iopt = 1

rwk(5) = h

iwk(6)= 10000000

call vodpk(fcn,ieq,y,x,xend,itol,rtol,atol,itask,istate,iopt,rwk,lrw,iwk,liw,jac,psol,
* imeth, 1.0,1)

write(6,100)xend,temp,ux,(y(l)/r),(2.d0*rp)*l.d9,snp,(2.d0*rc)*l.d9
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write(4,100)xend,temp,ux,(y(l)/r),(2.d0*rp)*l.d9,snp,(2.d0*rc)*l.d9

if (x.lt.rtm) go to 10

100 format(7(el0.5,lx))
99 stop

end

c Subroutine FCN

subroutine fcn(ieq,x,y,yprime,rpar,ipar)

implicit double precision(a-h,o-z)
dimension y(3) , yprime(3), rpar(*), ipar(*)

common /gas/ Aa, Bb, Cc, Dd, Ee, Ff, sM02, epsk, sigma, Gomegav, rhog, ux, dgas
common /particle/ Df, Dfs, sMZr02, D, rhop, rhopO, vO, aO, diO, Gomega, gamma, w

common /const/ Pi, skb, Ru, temp, tempO, press, av, r, feed, prec

common /results/ rp, snp, re

c Temperature profile for 81.1 ml/min spray, temp [K] :

if(x.lt.2.5d-2)then

temp = 98680.d0*x+298.d0

elseif (x.ge.2.5d-2.and.x.le.7.5d-2) then

temp = -8600.d0*x+2980.d0

elseif (x.ge.7.5d-2.and.x.le.72.49d-2) then

temp = -2823.5d0*x+2546.8d0

elseif (x.ge.72.49d-2.and.x.le. 100d-2) then

temp = 500.dO

endif

c Temperature profile for 27.1 ml/min spray, temp [K]:
c if(x.lt.0.5d-2)then
c temp = 466400. dO*x+298.dO

c elseif (x.ge.0.5d-2.and.x.le.2.5d-2) then

c temp = -9000.d0*x+2675.d0

c elseif (x.ge.2.5d-2.and.x.le.7.5d-2) then

c temp = -14000.d0*x+2800.d0

c elseif (x.ge.7.5d-2.and.x.le. 12.5d-2) then

c temp = -8400.d0*x+2380.d0

c elseif(x.ge.l2.5d-2.and.x.le.30.28d-2) then

c temp = -4666.7d0*x+1913.3d0

c elseif (x.ge.30.28d-2.and.x.le. 100d-2) then

c temp = 500.d0

c endif

c Axial velocity profile, ux [m/s]

if(x.lt.2.635d-2)then
ux = dgas/(Pi*2.5d-5)*temp/tempO
elseif (x.ge.2.635d-2.and.x.le.l.0d0) then

ux = (5.27d0*(dgas/(Pi*2.5d-5))/(x/5.0d-3))*temp/temp0
endif
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c Primary particle radius, rp [m]:

rp
= 3.d0*y(3)/y(2)

c Primary particle volume, [mA3]:

vp
= 4.dO/3.dO*Pi*(rp**3.dO)

c Number of primary particles in an aggregate, snp [mA3]:

snp
= (y(3)/y(l))/vp

c Density of the gas, rhog [kg/mA3]:
rhog = press*sM02/(Ru*temp)

c Diffusion coefficients, D [mA2/g]:
c Grain boundary diffusion coefficient from Brossmann et al., 1999, D [mA2/s]:
c D = 3.3d-5*dexp(-1.88145d5/(Ru*temp))

c Diffusion coefficient from Madeyski and Smeltzer, 1968, D [mA2/s]:
D = 9.73d-7*dexp(-2.32528d5/(Ru*temp))

c Diffusion coefficient from Keneshea and Douglass, 1971, D [mA2/s]:
c D = 2.34d-6*dexp(-1.89110d5/(Ru*temp))

c Grain boundary width (Brossmann et al., 1999), w [m]:
w=5.0d-10

c Surface tension (Rösner-Kuhn et al., 1999), gamma [J/mA2]:

gamma =(1517.dO-0.44dO*(temp-2125.dO))*1.0d-3

c Collision radius, rc [m]:
rc = rp*(snp**Dfs)

c Surface area of the completely fused (spherical) aggregate, as [mA2]:
a = ((y(3)/y(l)/v0)**(2.d0/3.d0))*a0

c Dimensionsles temperature, tempstar [-]:

tempstar = temp/epsk

c Collison integral (Chapman Engkog Equation), Gomegav, [-]:

Gomegav = (Aa*tempstar**(-Bb))+Cc*dexp(-Dd*tempstar)+Ee*dexp(-Ff*tempstar)

c Dynamic viscosity, smu [kg/ms]:
smu = 26.69*dsqrt(sM02*l.d3*temp)/(sigma*sigma*Gomegav)*l.d-7

c Mean free path for the gas, slamda [m] :

slamda=(smu*Ru*temp/(press*sMO2))*dsqrt(Pi*sMO2/(2.d0*Ru*temp))

c Knudsen number, sKn [-]:
sKn = slamda/rc
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c Diffusion coefficent, De [mA2/s]:
De = skb*temp/(6.dO*Pi*smu*rc)*((5.dO+4.dO*sKn+6.dO*sKn**2.dO+

* 18.dO*sKn**3.dO)/(5.dO-sKn+(8.dO+Pi)*sKn**2.dO))

c Particle velocity, c [m/s] :

c = dsqrt((8.dO*skb*temp)/(Pi*rhop*y(3)/y(l)))

c Particle mean free path, si [m]:
si = 8.dO*De/(Pi*c)

c Transition parameter, g [m]:

g
= (l.d0/(6.d0*rc*sl))*((2.d0*rc+sl)**3.d0-(4.d0*rc**2.d0+sl**2.d0)**(3.d0/2.d0))

* 2.d0*rc

c Frequency function, beta [mA3/s]:
beta = 8.dO*Pi*De*rc*(rc/(2.dO*rc+dsqrt(2.dO)*g)+(dsqrt(2.dO)*De/(c*rc)))**(-l.dO)

c Sintering time, tau [s]:
c Coblenz et al., 1980:

tau = 0.001703dO*Ru*temp*rp**4/(w*D*gamma*Gomega)

c Kobataetal., 1991:

c tau = 0.013dO*Ru*temp*rp**4/(w*D*gamma*Gomega)

c Differential equations:

yprime(l) = -0.5d0*beta*y(l)*y(l)*rhog/ux

yprime(2) = -(l.d0/tau)*(y(2)-as*y(l))/ux

yprime(3) = O.OdO

return

end

c Solver

SUBROUTINE VODPK (F, NEQ, Y, T, TOUT, ITOL, RTOL, ATOL, ITASK,
1 ISTATE, IOPT, RWORK, LRW, IWORK, LIW, JAC, PSOL, MF, RPAR, IPAR)
EXTERNAL F, JAC, PSOL

DOUBLE PRECISION Y, T, TOUT, RTOL, ATOL, RWORK, RPAR

INTEGER NEQ, ITOL, ITASK, ISTATE, IOPT, LRW, IWORK, LIW, MF, IPAR

DIMENSION Y(*), RTOL(*), ATOL(*), RWORK(LRW), IWORK(LIW),
1 RPAR(*), IPAR(*)
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Appendix E:

E. Effect of model starting conditions on particle growth in spray

flames

The evolution of the average primary and agglomerate particle diameters can be described by

coagulation and sintering as in gas-fed flame aerosol reactors and is described in detail in

Chapter 5. In contrast to gas-fed flame aerosol reactors, with spray flames thermophroetic

sampling (TS) is only possible at locations where the droplets are completely evaporated e.g.

at and above x = 7.5 and 10 cm for the ZrÛ2 production rate of 100 and 300 g/h, respectively,

otherwise the carbon coated TEM grids are destroyed by burning droplets depositing on them

(Chapter 5). Therefore, the evolution of the primary particle diameter is investigated for

different starting conditions (x = 0 cm or at x = 5 and 7.5 cm for 100 and 300 g/h ZrÛ2

production rates, respectively). The x = 5 or 7.5 cm correspond to 2.5 cm below the first

particle sampling position for each production rate.

Figure E.l shows the evolution of the Sauter mean primary particle diameter, ds, as

predicted by the proposed model (Appendix D: Computer code) using as initial condition

x = 0 and 5 cm for a ZrÛ2 sintering time based on the approach of Coblenz et al. (1980) and

for ZrÛ2 sintering diffusion coefficient given by Madeyski and Smeltzer (1968) for ZrÛ2

powder production rate of 100 g/h. Similar, Fig. E.2 shows the evolution of the ds using as

initial condition x = 0 and 7.5 cm for a ZrÛ2 sintering time based on the approach of Coblenz

et al. (1980) and for ZrÛ2 sintering diffusion coefficient given by Madeyski and Smeltzer

(1968) for ZrÛ2 powder production rate of 300 g/h. Assuming complete evaporation and

conversion to ZrÛ2 of the precursor at x = 0 or 5 and 7.5 cm (2.5 cm below the lowest

sampling points of the 100 and 300 g/h spray flame, respectively) affects the evolution of the

Sauter mean primary particle diameter only at x < 10 (Fig. E.l) and 20 cm (Fig. E.2) for the

100 and 300 g/h spray flame respectively, while later on in the spray flame the primary

particle diameter becomes quite similar (~ 1 nm) independent of the starting locations

(Figs E.l and E.2).
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x = 5 cm: thin line).



135

E
C

O
+->

O

E

S

u

"-E
(0
Q.

(0

E

c

(0
o

E

o

(0

(0

40

30-

A V

300 g/h Zr02
x = 0 cm

x = 7.5 cm

10 20 30 40 50

Height above nozzle (x), cm

n

60
A V

100

Fig. E.2: Calculated evolution of the primary particle Sauter mean diameter along the flame

axisfor Zr02 made at 300 g/hfor two different initial starting conditions (x = 0 cm: bold line;

x = 7.5 cm: thin line).

E.l. References

Coblenz, W. S., J. M. Dynys, R. M. Cannon, and R. L. Coble, "Initial stage solid state

sintering models. A critical analysis and assessment" Sintering Processes, Material

Science Research, G. C. Kuczynski, ed., Plenum, New York, 141-157 (1980).

Madeyski, A., and W. W. Smeltzer, "Oxygen diffusion in monoclinic zirconia," Mater. Res.

Bull, 3 (4), 369-376 (1968).



136



137

Appendix F:

F. Zr02 sintering data and influence on particle growth

F.l. Grain boundary diffusion coefficients

For ZrÛ2 grain boundary diffusion is the dominant sintering growth mechanism which is three

to four orders of magnitude faster than volume diffusion (Brossmann et al., 1999). Therefore,

the characteristic sintering time for grain boundary diffusion can be expressed by (Coblenz et

al., 1980):

RT
(d

v
2

j

xs =0.001703—^—J— (F.l)
wDbjQ.

where R (J/mol-K) is the universal gas constant, w is the grain boundary width which is

5-10"10 m (Brossmann et al., 1999), Db (m2/s) is the grain boundary diffusion coefficient,

y (J/m2) the surface tension according to Rösner-Kuhn et al. (1999), and

Q= 2.01998-10"5 m3/mol the molar volume of zirconia. The Db for ZrÛ2 is:

Db=D0-expf-|] (F.2)
VKI )

where, D0 (m /s) is the grain boundary diffusion pre-exponential factor and E (J/mol) is the

activation energy. These factors, found in literature, are determined experimentally

(Table F. 1) resulting in different characteristic ZrÛ2 sintering times.
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Table F.l: Grain boundary diffusion pre-exponentialfactor, Do, and activation energy, E,for

Zr02.

D0 (m2/s) E (J/mol) Reference

3.3-10"5 1.88-105 Brossmann et al. (1999)

2.34-10"6 1.89-105 Keneshea and Douglass (1971)

9.73-10"7 2.33-105 Madeyski and Smeltzer (1968)

F.2. Zr02 particle dynamics for various grain boundary diffusion

coefficients

Figures F.l and F.2 show the evolution of the Sauter mean primary particle diameter, ds, as

predicted by the proposed model (Chapter 5; Appendix D: Computer code) using as initial

condition x = 0 cm for a ZrÛ2 sintering time based on the approach of Coblenz et al. (1980)

and for ZrÛ2 sintering diffusion coefficients given in Table F.l along with the experimental

measurements for a ZrÛ2 powder production rate of 100 g/h (Fig. F.l) and 300 g/h (Fig. F.2).

The evolution of the primary particle diameter and that of the powder collected on the filter is

predicted best by the proposed model when using the diffusion coefficient of Madeyski and

Smeltzer (1968) for both powder production rates (Figs F.l and F.2). When using the larger

diffusion coefficients of Keneshea and Douglass (1971) and Brossmann et al. (1999) (Table

F.l), the sintering time is decreased leading to larger primary particles (Figs F.l and F.2).
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Appendix G:

G. FTIR absorption spectra of a Zr02 spray flame

Figure G.l shows the absorbance spectra of a ZrÛ2 spray flame producing 100 g/h at various

heights above the nozzle, x, averaging up to 3000 scans per measurement (Chapter 5).

Clearly, it can be seen that with increasing x the CO2 peak is increasing as a result of the

progress of combustion. Close to the nozzle tip (x < 0.5 cm (100 g/h) and x < 2.5 cm

(300 g/h)) the dense precursor droplet concentration resulted in considerable IR absorption.

Furthermore, the signal to noise ratio was less than 2 in these regions. Both effects made a

temperature determination by Normrad and ET-analysis using the hot CO2 between 2300 to

2200 cm"1 (Kammler et al., 2002) difficult. Further downstream (x > 0.5 cm (100 g/h,

Fig. G.l) and x > 2.5 cm (300 g/h)), the dense precursor droplet concentration decreased since

visible spray ignition takes place resulting in less IR absorption. Additionally, the signal to

noise ratios were larger than 2 resulting still in weak absorbance spectra (Fig. G.l) especially

when x is smaller than 10 cm but a temperature evaluation is possible. Summarizing, at signal

to noise ratios larger than 2, a temperature determination by Normrad and ET-analysis from

hot CO2 between 2300 to 2200 cm"1 is possible and is shown in Chapter 5, Fig. 5.1.

Comparing the absorbance spectra of spray (Fig. G.l) with diffusion flames (Chapter 1,

Fig. 1.6a) a much higher signal to noise ratio is obtained in spray flames, especially close to

the burner mouth even though the number of averaging scans is increased up to 3000 in spray

flames (256 scans in diffusion flames). In spray flames, the high exit velocities of the gas as

well as of the droplets result in highly turbulent flames increasing the noise in the absorbance

spectra. Therefore, it is difficult to obtain information of other species in the flame beside hot

CO2 while e.g. information of unburned fuel are possible to obtain in gaseous flames (see

Chapter 1).
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Appendix H:

H. Growth of FSP-made Zr02

Particle samples are collected by a thermophoretic sampler (Kammler, 2002) that rapidly

moves a carbon coated copper transmission electron microscope (TEM) grid (200 mesh,

PLANO, W. Plannet GmbH, Germany) to a precisely defined position in the spray flame

(Dobbins and Megaridis, 1987) as described in detail in Chapter 5.

Here, the TEM micrographs are taken with a Zeiss electron microscope 912 Omega

operated at 100 kV using a slow scan CCD camera and the ProScan software. The TEM

pictures from the filter powder are prepared from the powder as-is, dipping the TEM grid into

the product powder that results in good particle coverage of the grid.

Figures H.l and H.2 show TEM pictures from TS along the flame axis (x), as well as

from the powder collected on the filter for ZrÛ2 powder production rates of 100 (Fig. H.l)

and 300 g/h (Fig. H.2). These TEM pictures are made at a magnification of 50 k for a better

visual indication of the powder morphology compared to the overview TEM pictures shown

in Figs 5.2 and 5.3 (Chapter 5). Figure H.l shows that in the luminous part of the spray flame

(x = 7.5 and 12.5 cm) single spherical particles are observed, while further downstream

(x = 20 cm) agglomeration of primary particles can be seen. However, limited necking

between those broadly-sized primary particles is observed indicating a low degree of

agglomeration. Similarly, agglomerates are observed in the powder collected on the filter

consisting of very small highly agglomerated particles as well as weakly agglomerated ones

(Fig. H.l). Particles collected on the filter typically exhibit different residence times as they

are collected from various streamlines corresponding to different temperature and velocity

profiles (Tsantilis et al., 2002).

Zirconia particles made at 300 g/h are shown in Fig. H.2. Also here, in the luminous

part of the spray flame (x = 10 and 25 cm) single spherical particles are observed. At the

lowest TS position (x = 10 cm) large single spherical particles as well as some very small,

highly agglomerated particles are observed. Further downstream (x = 25 cm) those

agglomerated particles are completely coalesced and sintered to larger, single spherical

particles (Fig. H.2). Above the luminous part of the spray flame (x = 40 cm), agglomeration

with limited necking of primary particles can be seen indicating a low degree of

agglomeration. Similarly, only limiting necking between the primary particles is observed for
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particles collected on the filter (Fig. H.2) without the small, highly agglomerated fraction

which is observed for powder made at 100 g/h (Fig. H.l). More results and a detailed

discussion are presented in Chapter 5.

Fig. H.l: ZrO2particles collected by thermophoretic sampling at x = 7.5, 12.5, 20 cm height

above nozzle (HAN), andproductpowder (filter) at aproduction rate of 100 g/h.
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Fig. H.2: ZrO2 particles collected by thermophoretic sampling at x = 10, 25, 40 cm height

above nozzle (HAN), andproductpowder (filter) at aproduction rate of300 g/h.
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