Jelena Bogovic et al.: Temperature Modelling for Synthesis of Oxide Nanoparticles by Ultrasonic Spray Pyralysis

Temperature Modelling of the Synthesis of Oxide
Nanoparticles by Ultrasonic Spray Pyrolysis

Jelena Bogovic, Srecko Stopic, Jacqueline Gruber, Herbert Pleifer, Bernd Friedrich

Manosized particles of spherical titanium dioxide were pre-
pared from an acrosol based on an erganometallic solution
during ultrasonic spray pyrolysie The influence of process
parameters on particle morphology was considered. Dur-
ing the acrosol generation, the droplet size distribution
wies mensured with o laser diffraction system {Malvern
Spraynec) without dilution of the aerosol and for the same
atomization and carrier gas paramecters as those during
the synthesizing process. By carrving out a series of ex-
periments the influences of different process parameiers
(gas fiow rate, decomposition temperature, refention time,
ete.) on partiche size, distribution and morphology were
tested. Obtained nanopartiches were characlenzed using
various methods (SEM, EDS, and SMPS) with respect

16 structure and composition. The goal was o determine
the most sensitive process sieps and (o propose solutions
for improvemen! of the critical points. Measurements and
numerical simulation of temperature profile in dilferent
heating rones was done, in order to betler understand the
process steps in each heating zone. A reaction mechanism
of synthesis i3 proposed, a8 well as optimal expenimental
conditicns for preparation of nanopowder with a specific
particle size distnbution and morphology.
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Temperatormodellicrung der Synthese oxidischer Nanopartikel durch Ultraschallsprithpyrolyse

Im Rahmen dieser Arbeit wurden NManopartikel von sphii-
rischem Titandioxid aus einem Acrosol basierend auf ci-
ner metellorganischen Lisung durch Ultraschallspriihpy-
rolyse hergestellt, Es worde die Einflussnahme gewisser
Proeessparameter aul die Partikelmorphologie vermutet,
Wiithrend der Aerosolerzeupung wurde die Tripichengris-
Benverteilung durch ein Laserbeugungssystem (Malvern
Spraviec) chne Verddnnung des Aerosods and for die-
selben Atommsierungs- und Trilgergasparameter wie jene
wiihrend des synthetierenden Prozesses gemessen, Durch
cine YVersuchsserie wuarden die Einflilse verachiadener
Frozessparameler {Volumensirom, Zerlegungstempera-
tur, Haltedauer vsw. ) auf die Teibchengriibe, Vertellung und
Morphologie getestet. Struktur und Zusammensetzung
des durch die Ultraschallsprithpyrolyse hergestellten Ma-

nopulvers wurden mit Hilfe von verschiedenen Methoden
(SEM, EDS und SMPS) charakterisiert. Das Ziel solite
die Bestimmung der empfindhichsten Prozessschritie und
die Lisungsfindung fir deren Verbesserung sein, Um die
verschicdencn Prozessschritte, die in den jeweiligen Heiz-
ronen ablaufen, versiehen zu kdnnen, wurden Messungen
und numerische Simulationen durchgelihrt, Vorgeschla-
gen werden sowohl cin Heaktionsimechanismius zur Svn-
these als auch die optimalen Versuchsbedingungen zur
Herstellung des Nanopulvers einer bestimmiten Teilchen-
griBenverteilung und Morphologie

Schliisselwiirier

ManogroBes Tiandioxid - Ultraschallsprihpyrolyse - Par-
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1 Introduction

Tianium dioxide (T30),) s o material with variows ap-
plications. Because of its high refractive index, inertness
and colour, titanium dioxide is widely used as a pigment.
This is one of its most commaon applications where TiC, =
used in partiche form. Some newer Til), applications are a
result of its photo=calalyiic ind semiconducting properties,
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for example photo degradation of organic pollutants, wa-
ter purification, waste water treatment, air purification or
utilisation in solar cells and sell-cleaning paints Titanium
dioxide can be produced using various synthetic methods,
such as the sol-pel method, vapour decomposition and
dilferent hydrothermal technigques [1-3]. In the case of
hydrothermal methods, the process can be divided in the
{ollowing main steps:
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preparation of precursor {titaniom salt solution),
thermal decomposition, where several heal sources can
be applied (e.g. flame, wall heated reactor, plasmal,

*  particle peneration, and finally

*  npanopowder colleciion.

Liltrasonic spray pyrolysis represents nanopowder pro-
duction froan an serosol based on precursor atomisation
(droplet size 1 to 100 gm}, aercsol transport through a
temperature and atmosphere regulated reactor. Particle
morphology in these processes i o resull of droplet size,
precursor concentration and physical characteristics, oper-
ating lemperature and evaporation rate [4). In order ta ob-
Lain a certain particle size and morphology, heating grade,
evaporation rate, retention time and other process specific
parameters hove (o be known and controlled, Tnside the
furnace it s assumed that the following steps are taking
place: evaporation of solvent, diffusion of solutes, precipi-
tation, decomposition and densification [4]. These process
steps are simplified and their understanding is imperative
for controlling the pariicle formation process. Most previ-
ous investigation took process temperature, droplet size
and evaparation rate as the main parameters that infuence
particle morphology [3-7]. Based on these assumptions
lavasemn et al. defined relative time eonztants for differen
process sleps in their model and have shown that droplet
shrinkage and solute diffusion are the stowest steps [6].

In the present work the influence of the main parameters
(temperature, flow rute) on Ti0), nanopowder was test-
ed by a series of experiments [8]. The main aim was to
produce spherical nanoparticles in o size range of 100 to
3 nm, with high homogeneity of particle size distribu-
tion, Particle size was regulated by droplet size and pre-
carsor concentration. The morphology was determined in
depenidence of the temperature and carrier gas flow rate
miainly throwgh first ftwo progess steps — evaporation and
procipitation. Since lemperature i an important factor
in particke formation, the temperature profile ingide the
furnace was measured and in addition a numerical simula-
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tion model of the reactor was created using the software
AMNSYS FLUENT 1340, The séecond parameter with an
influcnce on particle morphology - the carrier gas flow rate
- also has an influence on the productivity of the process.
By increasing the carrier gas flow rate more precursor sofu-
tion can be transported in the form of serosol and this way
miore nandpowder can be produced. For this reasaon it was
interesting to investigate maximal flow rates for which the
kinetics of the separate proccss steps is still suitable for the
formation of particles with a sphencal morphology. 1t was
expected that the carmer gas Mow rate is limited by its in-
flucnce on the evaporation rate. This relationship was also
imvestigated and optimal conditions based on experimental
results were proposed,

2 Experimental

The precursor solution that was used for the synthesis of
Ti0y, nenopowder by USF was tetra-n-butylorthotitanate
C HOTi (Merck, Darmstadt, Germany), Equipment
used for the experiments is described in previous work of

Bo<iovie 1 al, [B-9] and is shown in Figure 1.

The whole USP process can be separated into the three
main process steps (aerosol generation, thermal decom-
position, nanopowder collection). The process beging with
aerosol generation through stomisation of & precursor
solution in an wltrasonic atomizer {Gapusol 2001, BRI
France ) with three transducers operating st a resonant fre-
quency af 2.5 MHz, This penerator is specially developed
with a goal to increase aerosod production and in this way
also imcrease the nanopowder production rate. Droplet size
disinibutions were measured without dilation of the aero-
sl and with the same atomization and carrier gas param-
eters as those of the synthesizing process (Institute of Pro-
cess Engineering in Life Scences, Section I; Food Process
Engineering, Karlsruhe Tnstmie of Technology (KIT)). A
laser diffraction sysiem (Malvern Sprayiec} equipped with
a 300 mm focusing lens was utilized for these investigations.
Size measurement by laser dilfraction is hased on the size

Fig 1;
Experimeatal set-up and details of
325 MHr ultrssonic rassducer

1o




Jelenn Bogovic et al: Temperature Modelling for Synthesas of Oxide Nanopartickes by Ultrazonic Spray Pyrobysis

dependent scalléning angle of light at a droplet or particle
and therefore the seattering signal from the acrosol is de-
tected in order to determine the droplet size distribution.
Generaled serosol i carried into the reaction zone with a
nitrogen fow rate 3.5 fo 10 Lmin, The reaction zone {quarte
tubel = LB m,d =42 mum ) is situated in a furnace with three
separaiely regulated heating zones with a temperature
range 0 to 1100 “C. The so-called “pre-heating™ zone and
“erpling” zome are situated at the entrance and exit of the
[urmice, each with a length of 0.4 m, and in the middie is
the “reaction” zone with a length of 1 m. The whole system
was under inert atmosphere and iz slightly below aumaos-
phieric pressure (980 mbar). This measurement was done
with a goal to determine droplet size distribution and also
determine if mose transducers in one penerator have an
imnfluence on droplet formation. For nanopowder collection
an electrostalic precipitator was used. Charscterisation of
the obtained titaniwm dioxide nanopowder was done using
o scanning electron microscope. SEM images were used
for the chservation of particle morphology, structure, size
and size distribution. A qualitative analyses of the powders
oblained was done by energy disperse spectroscopy (EDS)
nnalysis with a Si{Bi} X ray detector, connected with SEM
and a multi-channg] analyzer, Particle size and particle size
distribution was determined with on-line measuremenis
with SMPS Scanning Mobility Particle Sizer system with
DM A Drifferential Mokility Analvser (Grimm, Germany )
after the second heating zone and once more after the pow-
der collection by SEM image analyses with Image] softer,
while esperimental datn were processed by the computer
program Crigines |8

Experimental conditions for the preparation of Ti(), na-
nopowder are given in Table 1. The aim of the exper-
ments was to determine the influence of evaporation rate,
temperature and carrier gas ow rate on morphology and
particle size of the produced nanopowder. All experiments
were conducted with 6 g1 C_H, O/Ti precursor solution.

Table 1: Expersmentsl conditions for the three healing sones of the py-
rolysis rencor

Experiment Temp [*C] N_ [lissin]

1 i B
2 RN B M 7

3 RI-BO0- 300 10

4 HR-RO0- 0 4

5 AH-B00- 1M} T
| & A00-F0-0) i

The influence of the concentration of the precursor solu-
tion on oxidic nanoparticles was studied in previous works
[9-10]. Based on these resulis, the lowest concentration
possible was selected in order o oblun nanopowder in the
specific partiche size range.

Experimental dota were chosen in order to test the influ-
ence of different evaporation conditions on particle [ormi-
tion. Carrier gas low rate and temperature were regulated
in oreder (o simulile evaporation of droplets m low and high
temperature zone, and for different veloaties of dropletsin
these zones. Since the goal of titanium dioxide sanoparti-
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cle produection was to produce spherical nanoparticle with
maximil hemogeneity, in the size range 100 to 300 nm, the
panicle size distribution was also determined.

3 Mumerical Simulation

In addition to the cxperimental investigations described
pbove, memsurements of the temperature distribution of
the carrier gas within the quartz glass reactor fube were
carried ool In order to do =0, the insulation section above
heating zone 3 was opened and the top elbow section of the
quart? ghass reactor tube was removed, This made it pos-
gible to lower a thermocouple into the carrier gas flow and
megsure the approxmate temperature distribution along
the entire length of the 1B m long reactor, These meas-
uremenis were used 1o validate the resulis of a3 numerical
simulation mode] created using the software ANSYS FLL-
ENT 13.0, The geometry and individual components of the
numerical model are shown in Figure 2.

The measurements and numerical simulations were carvied
oul in order 1o obfam more detaled information on the
thermal conditions 10 which the droplets and particles are
subjected in the reactor. This information makes it possible
b betier mberpret the experimental results by consider-
ing the infleence of the temperature distnbution of the
individual components within the reactor on the particle
formation progess,

As cion be seen in Figure 2, the model stariz at the infow
of the carrier gas N, into the first heating zone (HZ1) and
ends shortly after the ouiflow of the carmer gas oot of
hienting zone 3 (FRAS), Mot only the separate heating cle-
menis in each heating zone, but also the air gap between
the quartz glass tube with an external diameter of 48 mm
and the insulation materinl which has an internal dismeter
of 62 mim as well as the approximately 3 mm high air gap
between heating ®one | and 2 and heating zone 2 and 3 are

Fig =  Geometry snd components of e mumernical sinvulation model
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ingluded in the model. A laminar Aow for both the carrier
gas and air inflow with an initial temperature of 25 °C is as-
sumed. The thermal radiation within the air gaps, through
the quartz glass tube and carrier gas is simulated using the
diserete ordinates (DO) thermal radiation model, whereby
the thermal absorption coefficient of the quartz glass tube
i defined as a function of temperatare, Whereas the car-
rier gas and wir are transparent as far as thermal radiation
= concerned, the quariz glass absorbs thermal radiation
in dependence of the wavelength. Wien's displacement
law was used 1o obtuin o relationship between the wave-
bength of the thermal radiation and the temperature of the
tube, in order to estimate the amount of thermal radiation
absorbed by the quartz glass. The cooling of the external
surfaces of the insulation material due to convection and
thermal radiation to the surroundings s taken into ac-
counl, The carrier gas N, flows into the reactor with & vol-
ume flow rate of 7 Fmin and a temperature of 25 °C. The
boundary conditions of the mode] correspond to the ex-
perimental setup when the insulation section above heat-
ing zone 3 is open and the top elbow section of the quartz
glass reactor tube is removed. A numerical simulation was
curried out for the heating zone set point temperatures of
JOOBEWI0ON “C (Case 1) and SXVBOV300 *C {Case 2}, For
Case 1 the heating power of the heating zones 1,2 and 3 is
sel to 102 W {17 % of max. power), 1320 W {44 % of max,
power) and (0 Wait respectively. For Case 2 the heating
power of the heating zones 1,2 and 3 is set to 300°W {50 %
of max. power}, 1063 W (36 % of max. power) and 0'W re-
spectively, The inflow of air into the gaps for each case was
found by iteration, whereby the resclts of the simulation
were compared to the measured carrier gas temperatures
wndl the set point lemperatures of cach heating rone.

4 Hesuits and discussion

Ultrasonic spray pyrolysis is based on the assumption that
from each droplet one particle is prodoced and that all
droplets are poing through the same process steps with
the same conditions [10-11]. For this reason, the first step
in particle size distribution determination is to determine
droplet size distribution. Droplet size distribution is pre-
sented in Figure 3, for 6 g/l C_H_0}, 17 precursor solution

When considering the droplet size distribution it is abvi-
ous that there is no single value of droplet size, instcad a
droplet size distribution must be used, where droplets are
within the range 1 to 15 ym, with the highest probability of
droplet diameter within the range of 4 to 6 pm. By knowing
the droplet size distribution, it is expected o get o similar
distribution of particle size, but in the range of 100 to
40N} ami. In theory, there is o model to predict average drop-
let size, by knowing the influence of physical properties of
the atomizged solution and frequency of the ultrasoond and
it was studied by Lano et al. [12]. Their model results in the

following formula:;
i

n=ﬂ3¢-[ﬂp;_“[;"]1 (1)

(D mizan droplet diameter; y: surface tension of the solu-
tion; g density of the solution; E ultrascund frequency )

Alter measuring surface tension and density of the precur-
sor selution, the avernge droplet size corresponding to the
frequency used was calculated o be 2.8 jm, When this val-
ue 15 compured with the experimental resuld {4 to 6 pm), it
can be concluded that the theoretical average droplet size
is not adequate and for this reason the theoretical model
is not going to be used in further investigations. A reason
for this might be coagulation that occurs between droplets
in the tube that connects the generator with the furnace. In
the theoretical formula the influence of coagulation is not
tnken nto account. 11 is possible that the coagulation rate
is also influenced by the generator construclion. applica-
tion of multiple transducers and experimental parameters,
For this reason in this paper droplet size distribution was
measured for the specific generator used during the ex-
periments and for the relevant experimental parameters,
Al comclusions in this paper are therefore based only on
experimental results and based on these a model is going to
be proposed. After conducted experiments, first informa-
Hon concerning the produced nanopowder can be obtained
frarm SEM (Scannimg Electron Microscopy) images. SEM
images were used io observe the surface morphology of
particles formed for different experimental parameter sets
and o ot first information aboul particle size distribu-
tion range. SEM images of the powders produced during
the experiments are given in Figure 4 and Figure 5. [8]

and 3-2.5MHz transducer [8].

P

(i8] 1.0 W.a

Orophet mize [Em)

LR

Fig. 3

Bivcplet swe distribaiion

111




Jelena Bogovic et al.: Temperature Modelling for Synthesis of Oxide Nanoparticles by Ultrasonic Spray Pyrolysis

800-800-300°C
41/min N2

71/min N2

800-800-300°C,

800-800-300°C, s ,....,f -
101/min N2 [

8-
%

300-800-300°C. -"“q_'

41/ min N2

300-800-300°C,
71/min N2

300-800-300°C,
10l/min N2

!_Il'_ 5 SEM .'II'I..!I|'|I'!I.I| frovm tiganium doaxide napoporeded abtatned b expesaments 4 166 (el and right are SEM 'i|1|usg| of same crpprirmn”

By considering the presented resulis, it can be concluded
that the nanopowder produced in the first three experi-
ments (Figure 4, temyperature in first heating zone is regu-
lated to b 800 "C) congists I:i:lilkl!.' of ri-i‘ll'l:ri';,:i,ll pariiches
and o certain number of particles in irregolar form. In
the first experiment, image lefl, we can see “settle™ like
particles with a hole in the middbe. In the second and third
experiment, with higher Alow rate of carmier gas, we can
s i broken, “exploded” nanoparticle with “caves™ inside
its structure, Ag shown in ngr\: 4. 11 which results of ex-
periments with & set point femperature in the first heating
zome of X "C are presented, we can see that most of the
particles in the obtained powder have a sphenical shape
Few expmiples of destroyed particles can be seen m the lasi
experiment, with a higher fiow rate. It is assumed that due
tor thee high flow rate, particles enter the reaction zone and
high temperature before evaporation and precipitation
steps wre finished and this might be the reason for particle
destruction.

It is obviows when examining the particles, that the thermal
conditions in the reactor play an important part in the par-
ticle formation. Therefore, as descrnibed before in section
3 of this paper, the temperature profile of the inert gas N,
along the length of the reactor for both temperature nzgu:
lations (el point temperalure seilings) was measured and
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i additron numerncal simulation calculations to determine
the thermal conditions m the reactor were cirried out. In
Figure 6 the measured temperature profiles are compared
o those cilculated wsing the numerical simolation model.

From Figure 611 can firstly be concluded that the simulated
temperatune |'||'|.|ﬂ|u5 of the inert gas al the mner surface of
the reactor wall and in the centre of the reactor correspond
siifficiently well with the measured temperature profiles.
[t can also be concluded that the measured temperature
profile in the reactor in heating zone 2 (HZ2) for both re-
gimes looks similar, This con be confirmed by considering
the simulated temperature distribations within the reactor
shown in Figure 7. The difference is mainly evident in the
first heatmg 2one {FLEEL)

In order toevaluate the experimental resulls il i necessary
to consider the thermal conditions o which the particles
arg subjected within the reactor. The simuolated tempera-
tuire prodiles most relevant for particle Tormation within
the reactor are shown in Figure 8 below. Not only are the
droplets and particles subject to healing by convection
.'|.||::IIIE therr p:|1|'| Lh::ll:gh the reaclor, Ihu:}' are dlso heated
due to the thermal radiation from the heating elemenis,
which 15 partly absorbed by the guartz glass tube. This in
turm also emits thermial radiation through the transparent
carricr gas M, to the particles
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If we consider the mode] of particle formation, presented
in Figure 9, we can see that in the first heating zone evapo-
ration and precipitation take place. Since process param-
eter (temperature ) in this wrea is sipnilicantly different, we
assume that problems in the evaporation and precipitation
stage are responsible for the formation of non-spherical
pirticles,

In the following discussion the evaporation stage is ana-
Iysed and its influence on the obtained powder ks explained.
Ome of the proposed explanations for the formation of
hollow, “settle™ and “cave” like particles is thai by experi-
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mental conditions where the temperature in the first heat-
ing zome is B0 “C, the rate of evaporation i much higher
than that of solute diffusion from the centre of a droplet to
a surface. For this reason, the concentration of precursor
in surface areq rapadly increases and sarface precipitation
oecurs. Trapped solute in the centre of droplet baoils, pres-
sure increases pnd the particle is destroyed or deformed.

From presented results it con b2 concluded that most non-
spherical particle are the bigger ones. This leads to the
conclusion that the size of primer droplets is also one of the
parimeiers that influence the fnal partick: morphology, if
we assume that bigger particles are created from bigger
droplets. In bigger droplets the formation of bubbles inside
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Fig 1 SMPS on-line measurement of pariscle side and particle siee distribution afier collection of powder

a droplet during the evaporation stage i possible. Further-
more, distance dependent processes such as diffusion last
longer. Unwanted effecis due to a kigh evaporation rate
were determined by experiment number 3, where a maxi-
imal carmier gak flow rate was applied. By increasing the
carrier gas flow rate the droplet velocity through the reac-
tor = increased and it reaches the arca of high temperature
sooner, which increises the evaporation rate at the droplet
surface and leads to surface precipitation.

S5MP5 on-ling measurement was done at the exit of the
second heating rone, Thereafter the carrier gas with pow-
der was cooled down in the third reactor zone and the
powder was collected in an electrostatic precipitator, If
we compare the particle size distribution at the exit of the
second reaction zone and afer collection, we can see that
most of the particles in both distributions are within a size
range of 100 to-200 nm {Figure 10). The analysis of powder
after collection shows a group of particles whose diamieter
is bigger than 400 nm. 1t is possible that the number of this
group is so small, that during online measurement these
bigger particles were not detected. In order toobtain & nar-
rower particle size distribution, it is necessary 10 produce
aerasol droplets in a more narrow range. Qualitative EDS
pnalyss of the powder hos confirmed thal titanium dicside
was obtained in all experiments. A characteristic resull 15
shown in Figure 11,

L4

Therefore it is confirmed, that even for o higher flow rate
and lower retention lime in the reactor there was enough
time for the decomposition reaction to occur. If we look
at the moxlel of the process steps presented in Fipure 7,
we can see that the most sensitive process steps in these
experiments were the first two process steps: evaporation
and precipitation stage, since all other teps occurred with
no problems occurring for all the tested experimental con-
clitiomns,

L8

1 R AlREaS | T
8 E 0
Enangy (ke Ii

Fig 11 B analyre of titasiumn diomide nenopowader
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4 Conclusions and outlook

Obtained results show that by using ultrasonic spray py-
rolysis it is possible to produce spherical nanoparticles.
The temperature profile and flow rate of the carrier [t
are the main process parameters that influcnce particle
morphology. where final particle sizes depend on precursor
droplet sizge distribution and concentration, if it is assumed
that every droplet undergoes the same process steps (Fig-
ure 12). Influence of coagulation of aerosol droplets, and
influence of process parameters on coagolation rale was
niot tested in this work, bul it is noted to be of imterest for
further investigation.

The evaporation of solute and the precipitation stages
were determined to be the most sensitive stages and 1o
have a large inlluence o the final particle morphology.
High evaporation rate leads (o surface precipitation, which
means that precipitation oceurs in the surface region of the
droplet. This results in deformed, destroyed, non-spherical
particles. The reason for this is rapid solvent evaporation
and solvent vapour diffusion, compared to slow diffusion
process inside the droplet.

Higher temperature and higher carmer gas flow rates lead
te the production of deformed particles. These phenom-
eni have much bigger influence on droplets with a higper
radius, due to longer diffusion path. To avoid formation of
non-spherical particles it i recommended (o have a reactor
with a slowly increasing temperature profile.

Measurements of the lemperature profile showed that s
arate temperature regulated zones with good temperature
regulation can provide a slowly increasing temperature
profile, where first two process steps are going to take place
for lower temperatures and in the further process enough
energy is provided for decomposition and particle forma-
tiom process. In this way it is possible 10 optimise the pro-
cess paramaters in order o produce spherical nanopowder.

It is planned to continue the investigation of the particle
formation process by ultrasonic spray pyrolysis in a tube
reactor, by firstly creating a mathematical model which
considers cach step of the particle formation process and
the heat and mass transfer taking place at the surfoce of the
droplets and particles as they travel through the resclor.
Thereafter it is planned to couple this mathematical model
with an extended version of the numerical simulation mod-
el presented in this paper, whereby amongst other things it

Oroplet e

distriulion

is planned to include the change in density of the carrier gas
due 1o the increase in its waler vapour content caused by
the evaporation of the droplets, Furthermare issues such as
the influence of thermal radiation and the cross-sectional
velocity profile along the reactor on the particle formation
process are (0 be addressed. The main goal of this future
work is to obtain a more detailed understanding of all paris
of the process, thereby making 1t possible to control specific
process parameters in order 1o produce nanoparticles with
different morphologies. It is expected that such a specific
control of the particle morphology is going to be necessary
for [uture applications of nanopowder.
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