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Abstract 

The particle formation in spray flame synthesis (SFS) is a fast and complex process involving many sub- 
steps that may happen simultaneously. To investigate the mechanisms that typically lead to small aggregated 

primary particles, a sophisticated technique for in situ measurements in the flame is necessary to provide 
information about primary particles and the aggregates as well. This work describes the development of 
an in situ measurement setup using small angle X-ray scattering (SAXS) to investigate the entire particle 
formation mechanism of zirconia nanoparticles in and above a turbulent spray flame. In preparation for the in 

situ measurements, a beamline for single crystal diffractometry at Karlsruhe Research Accelerator (KARA) 
was adapted for low scattering SAXS experiments including optimizations of the optics and measurement 
protocol. As a result, a significant dependence of scattering intensity was detected as a function of the height 
above the burner. A detailed analysis of the SAXS data and comparison with TEM images allow insights 
into the primary particle growth, the development of fractal properties and the aggregation process. 
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1. Introduction

Gas phase processes are nowadays commonly
used to produce functionalized nanoparticles of 
different compounds [1–5] . Spray flame synthesis
(SFS), in particular, offers significant advantages in
terms of cost efficient precursor material and po-
∗ Corresponding author. 
E-mail address: mira.simmler@kit.edu (M. Simmler).
tential for an easy scale up at consistent high purity 
of the product [4] . 

A liquid precursor containing metal ions and 

a combustible organic solvent is atomized and 

fed into a self-sustaining gas flame. The spray ig- 
nites resulting in the formation of a spray flame. 
The decay of the precursor solution initiates the 
particle formation process and secondary particle 
structures develop along the process chain because 
of sintering and agglomeration [ 2 , 5 ]. Although 

the process of SFS is already used in industrial 
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roductions, the particle formation process is not
ully understood and therefore, the properties of 
he nanoparticles cannot easily be controlled with-
ut extensive empiric studies. 

Typically, the structure-determining mecha-
isms in a flame can be described by three sub-
rocesses: chemical reaction, coagulation and coa-

escence. While the chemical reaction of the precur-
or leads to nucleation (formation of primary parti-
les) or particle surface growth, coagulation of the
rimary particles results in the formation of aggre-
ates (secondary particles). Coalescence dominates
he process in a high-temperature zone and leads to
 reduced degree of aggregation, which can result in
omplete sintering to spherical particles [6–9] . Dif-
erent models for a more detailed description of the
article formation mechanisms have already been
eveloped for several particle systems. In the case
f organometallic precursors, the aerosol droplets
vaporate as soon as they enter the flame result-
ng in particle formation in the gas phase (gas-
o-particle) [ 5 , 10 ]. The structure-determining sub-
teps occur on different time scales. While the spray
ormation and evaporation are slow compared to
he precursor decay, the flame chemistry happens
onsiderably faster. The particle formation depends
n the competition of coalescence and aggregation,
hich are both temperature-driven. Despite these

nsights, the knowledge and therefore, the control
f this process is still limited. In situ measurements
an help gain a more in-depth understanding. 

Small angle X-ray scattering (SAXS) can pro-
ide numerous structural parameters like an aver-
ged diameter of primary particles and aggregates
r the fractal dimension of mass and surface over
 wide range of sizes with just one acquisition. SFS
roducts typically consist of small primary parti-
les, which are sintered to each other to form larger
ggregates with a wide size distribution. The analy-
is of the scattering data can be challenging because
f the overlapping multiscale information. Several
uccessful studies show the potential of SAXS for
ame made products [11–13] . 

One of the few SAXS studies of particles pro-
uced by SFS is the work of Kammler et al. (2004).
hey investigated the production of silica parti-
les in premixed and diffusion flame reactors and
istinguished between gaseous and liquid injection
f the precursor into the flame [14] . The produced
articles were analyzed by means of transmission
lectron microscopy (TEM), nitrogen adsorption
echniques and USAXS (ultra-small angle X-ray
cattering) measurements. The USAXS results al-
owed for the distinction of agglomerated and non-
gglomerated particle systems. Furthermore, these
tudies showed that in the case of the gaseous pre-
ursor feed the size of the aggregates or hard ag-
lomerates was only slightly dependent on the flow
ate. In the case of the SFS process, conversely,

n increase of the flow rate led to an increase of  
the aggregate size. In summary, a liquid precur-
sor produces significantly smaller and more com-
pact aggregates with larger primary particles than a
gaseous one, likely due to higher temperatures and
shorter residence times in the SFS process. 

Starting in 1986, studies of soot generation
demonstrated the benefit of SAXS analysis to ob-
tain a deeper insight in nucleation processes and
particle growth in the gas phase. Using high inten-
sity synchrotron sources in particular allows for a
non-invasive investigation of the particle formation
in situ in the flame without sample retrieval [15–
18] . These studies show the potential of SAXS mea-
surements to describe complex aerosol dynamic
processes and thus provide a profound comprehen-
sion of the overall process. In contrast to soot gen-
eration, there are only a few approaches to investi-
gate flame synthesis for metal oxides using in situ
SAXS. 

In 2004, Beaucage was the first to probe the
growth of oxide nanoparticles in a methane and
oxygen diffusion flame in situ using the highly col-
limated monochromatic X-ray beam at the Eu-
ropean Synchrotron Radiation Facility (ESRF)
in Grenoble, France. A vaporous precursor of 
hexamethyl-disiloxane (HMDSO) produced col-
loidal silica particles growing from approximately
20 nm to 55 nm along the height of the flame [19] . 

Using the same setup, Kammler et al. carried
out USAXS measurements at the Advanced Pho-
ton Source at Argonne National Laboratories in
Chicago, USA to monitor the growth and aggre-
gation of colloidal silica in a hot flame and silica
aggregates in a cold flame [20] . The obtained data
showed particles along the height above the burner,
including primary particle diameter, mass fractal
dimension and aggregate size that were in good
agreement with intrusively obtained thermophoret-
ically sampled TEM and static light scattering mea-
surements. 

In their in situ study of aggregate topology dur-
ing growth of pyrolytic silica, Rai et al. (2018)
showed the potential of in situ SAXS investigations
of flame pyrolysis [21] . As a result, an extensive set
of derived parameters including particle and aggre-
gate properties allowed for a very broad analysis of 
the generated pyrogenic, strongly scattering silica
structures. 

Using a similar setup for the in situ investiga-
tion of silica, Camenzind et al. increased the oxy-
gen flow turning the diffusion flame turbulent and
observed the formation of fractal-like, aggregated
nanoparticles [22] . 

In his review article of 2009, Narayanan showed
the results of in situ measurements close to the noz-
zle of SFS for zirconia nanoparticles. SAXS data
of the particles and spray droplets was collected up
to 25 mm above the burner to investigate the nu-
cleation and growth of the primary particles [23] .
Additionally, results with the same setup are de-



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic illustration of the spraysyn burner. 
scribed in the last chapter of the doctoral thesis
by Jossen [24] . Here, the author successfully per-
formed in situ investigations of the particle for-
mation, growth and aggregation process in spray
flames. 

Previously, we outlined our approach to charac-
terize fractal structures made by SFS using a SAXS
laboratory camera in the data evaluation paper by
Simmler et al. [25] . The transfer of these methods
to low scattering in situ measurements in the flame
is only possible with a synchrotron source since the
flux of a laboratory X-ray source is not sufficient. 

In this paper, we describe a SAXS setup at the
beamline for single crystal diffractometry (SCD)
at the Karlsruhe Research Accelerator (KARA) in
Karlsruhe, Germany for in situ measurements of 
particle growth in SFS. The use of a standard-
ized burner and the adaptation of this beamline for
SAXS measurements makes this setup unique. The
boundary conditions require a large cross section
of open flame volume. Challenges with the back-
ground are tackled by hardware optimization and
measuring routines. Results include measurements
and analysis at different heights above the burner
to describe the particle formation and aggregation
process in and above the flame. 

2. Experimental

2.1. Flame spray synthesis (SFS) 

The burner in this setup is a standardized burner
called spraysyn of the German priority program
(SPP1980) of the German Research Foundation
(DFG). This means a large group of scientists are
characterizing the process of flame spray synthesis
based on this burner using different measurement
and simulation techniques. The burner consists of 
multiple annular orifices for the gas supply. To gen-
erate a spray flame, a liquid precursor is supplied
by a syringe pump (Harvard Instruments, USA) at
2 ml min 

−1 through a cannula into the center of 
the burner and is atomized with 10 slm (standard
liter per minute) oxygen through an annular gap
around the cannula. Around this nozzle, a laminar
self-sustaining pilot flame of 2 slm methane and 16
slm oxygen ignites the spray. The resulting turbu-
lent spray flame is stabilized with 120 slm sheath
air (pressured air). All gas flows are controlled
by mass flow controllers (Bronkhorst, Germany).
Fig. 1 shows a sectional view of the burner. 

Additionally, Schneider et al. provide a detailed
description and the design concept of the spraysyn
burner as well as developed a routine to compare
the resulting spray flames [26] . For the here pre-
sented setup, the quality of the pilot and spray
flame in terms of flame symmetry, dimension and
color was cross-checked accordingly. Computa-
tional fluid dynamics simulations of the spray flame
show temperature profiles with highest tempera-
tures of up to 2200 °C and a strong influence of 
the pilot flame [ 27 , 28 ]. 

The burner is mounted on a movable platform 

to position the flame in two directions relative to 

the beam of the synchrotron source. The burning 
chamber has a dimension of 500 mm in width, 
500 mm in depth and 700 mm in height and is con- 
nected to an exhaust filter system. A gap in the walls 
at the bottom of the chamber allows the intake of 
false air preventing a build-up of a negative pres- 
sure in the chamber and subsequently a lift off of 
the pilot flame. 

The precursor solutions consist of 0.5 mol l −1 

zirconium(IV)-n-butoxide (80%(w/w) in butanol, 
Alfa Aesar) in 1-butanol (99.5% for analysis, Acros 
Organics). 

Schneider et al. [26] and Martins et al. [27] inves- 
tigated the spray properties for the spraysyn burner 
with the same operating parameters used here in- 
cluding the characterization of the gas velocity as 
well as the temperature profile along the height 
above the burner (HAB). As expected, the velocity 
is highest (approx. 60–80 m s −1 ) in the center and 

between 10 and 20 mm above the nozzle, where the 
spray is fully developed. The further away from the 
nozzle in horizontal and vertical direction the lower 
is the velocity. However, in contrast to a diffusion 

flame, a complex flow field for the spray in the cen- 
ter and the surrounding flame was observed. Since 
the X-ray beam captures the whole transverse sec- 
tion of the flame, no clear residence time can be 
assigned to a certain HAB. Therefore, we present 
our data dependent on the HAB to enable a sim- 
ple comparison with other characterization meth- 
ods of the particles in the spray flame. 

A hole-in-tube probe similar to Tischendorf 
et al. [29] was used to collect nanoparticles on a 
TEM-grid at different HABs above the flame and 

powder samples at HAB = 120 mm for SAXS mea- 
surements for a comparison with the in situ results. 



Fig. 2. Experimental setup for in situ SAXS measure- 
ments at the SCD beamline of KARA. 
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Table 1 
Parameters of the detector calibration . 

Sample to detector distance (mm) 1369.48 
Wavelength (nm) 0.1393 
Rotation angle of tilting plane (-) 178.73 °
Angle of detector tilt in plane (-) −2.06 °

Fig. 3. Measurement points for in situ SAXS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

he TEM-grids were analyzed with JEOL JEM-
200FS at the Interdisciplinary Center for Analyt-
cs at the Nanoscale (ICAN) at the University Duis-
urg Essen, Germany. 

.2. Setup at synchrotron KARA 

In situ measurements took place at the SCD
eamline at KARA in Karlsruhe, Germany. The
torage ring of the synchrotron was operated at
.5 GeV and the wavelength was set to 0.1393 nm.
mitted by a dipole magnet, the beam is condi-

ioned by primary slits and a sagittally bent double
rystal monochromator for horizontal and a reflec-
ion mirror for vertical focusing. The focus was set
o the detector position. An evacuated flight path
uides the monochromatic beam to a 4-sector slit
or size definition followed by an exchangeable pin-
ole of Germanium. The pinhole was laser-drilled
rom a single-crystalline wafer of 0.5 mm thickness.

As Fig. 2 shows, the burner was placed between
he evacuated beam path on the source side and the
ollowing tube with the detector (Pilatus2 100K-S,

ectris Ltd., Switzerland) at the end for the scat-
ered radiation. 

To prevent the scattering from air molecules,
he following tube was sealed with polyimide foils
Kapton, Dupont) and flooded with helium gas. A
eam stop with a diameter of 4 mm shields the di-
ect beam from entering the detector. An ioniza-
ion chamber in the beam path is used to track
-ray flux before the 4-sector slit. As the burner

s part of a standardized experiment with ample
re-characterization, we were required to operate
he burner under specified conditions, which heated
he burner and the surrounding environment. Since
his experiment produces respirable nanoparticles,
e had to comply with additional safety regulations

o prevent any exposure. These circumstances com-
ined lead to a beam path of 43 cm through air.
he sample-to-detector distance was calibrated by
sing silver behenate and the program Fit2D. The
results of the calibration of the experimental setup
are given in Table 1 . 

To detect even small differences in the scatter-
ing signal of the particles in the flame, a mea-
surement routine that enables reproducible mea-
surements independent of external influences such
as setup drifts is necessary. During the data ac-
quisition, the ionization chamber of the beamline
records the direct beam intensity. This enables a
correction of changes in the direct beam intensity.
In addition, flame and background measurements
were performed alternatingly similar to the routine
of interleaving used by Reich et al. [30] . The data
acquisition in the flame runs for 25 s at each posi-
tion, which is indicated along the flame axis with
HAB as shown in Fig. 3 . Afterwards, the burner is
moved out of the direct beam (50 mm) to conduct
a background measurement of 25 s. For each mea-
surement, this pair of measurements was repeated
20 times. 

For all recorded detector images, the beam
stop as well as dead pixels and the edge of the
detector were combined in a mask excluding them
from any further evaluation. To identify further
conspicuous pixels, a standard deviation analysis



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Comparison of diffuse scattering of the back- 
ground trough the 4-sector slit and added pinhole and a 
calibrant. 
was performed. The values of all pixels of 25
nominally identical detector images (measuring
time 5 s) were compared with each other and the
standard deviations were plotted over the mean
values. The pixel intensity was assumed to show a
Poisson distribution, with the standard deviation
scaling with the square root of intensity. The stan-
dard deviation σ of pixel rejection is set to values
differing by more than ±1 σ leading to an exclusion
of 1.65% of pixels. After the elimination of the bad
pixels, an azimuthal integration of the pixel values
around the beam center on the 2D detector image
was performed to obtain the 1D scattering data
with space-angle and polarization correction of the
horizontally polarized beam. The data collected
from the flame and the background was summed
up separately to derive error margins. Then, the
background-subtracted flame data was converted
to absolute units using standardized glassy carbon.

2.3. Small angle X-ray scattering (SAXS) 

The SAXS data is analyzed as I(q) with q being
the scattering vector: 

q = 4 π/λ sin ( θ/ 2 ) (1)

with λ being the wavelength of the X-ray beam and
θ the scattering angle. The scattering intensity I(q)
of a polydisperse particle system with a distribution
of the particle radius f(r) can be expressed as 

I ( q ) = N/V �ρ2
e

∫ 
f ( r ) V p ( r ) 

2 P ( q, r ) dr (2)

where N is number of particles in the sample vol-
ume V, �ρe the scattering contrast, V p (r) the vol-
ume of one particle and P (q, r) the form factor
defining the shape of the particles [31] . 

The Unified Fit Model (Irena Package 2.68 [32] ,
IgorPro, WaveMetrics Inc.) according to Beaucage
[33] is used to evaluate the collected scattering data
by dividing it into different structural levels. Each
level is assigned a power law fit and a Guinier fit.
The power law fit provides information about mor-
phology of the underling structure, where the expo-
nent p indicates the slope in a double logarithmic
diagram. The Guinier fit, on the other hand, indi-
cates the averaged characteristic size of the parti-
cles using the radius of gyration R g . To compare
this parameter with primary particle sizes of other
measurement techniques, a mean diameter d Rg can
be calculated using R g and the polydispersity index
(PDI), which is based on the prefactors of both fits
[ 13 , 16 ]. More details on the used methods can be
found in the data evaluation paper [25] . 

The Kratky plot (I ∗q 

2 over q) connects every lo-
cal scattering maximum to a structural level. The
area under the curve, the so-called Porod invariant
Q, provides information about the mass of the scat-
tered particles [19] . 

Q = 

∫ 
q 2 I ( q ) dq, (3)
3. Results and discussion

As the setup needs to be suitable for low scatter- 
ing experiments, the intensity of the incident beam 

is responsible for the signal to noise ratio of the re- 
sults. In this setup, the last pinhole before the sam- 
ple defines the shape and size of incident beam in- 
cluding the diffuse background. 

In Fig. 4 , the diffuse scattering through the 4- 
sector slit (gray squares) is shown compared to the 
added low-scatter pinhole (black dots) as well as a 
calibrant sample of monodisperse silica nanopar- 
ticles (Ludox HS-40) highly diluted in water (blue 
dots). It is evident that the 4-sector slit alone pro- 
duces a strong and inhomogeneous background 

that is difficult to completely subtract from the 
data. The background with the Germanium pin- 
hole is very homogenous and much lower. The cor- 
responding SAXS signal from the silica particles 
after subtraction of water as background is reli- 
able and can be modeled by sphere form factors 
up to higher maxima in oscillation. In a brief com- 
parison, the same order of magnitude in scattering 
suppression is achieved with commercial no-scatter 
pinholes. All following results were obtained using 
the self-made pinhole. 

The in situ measurements were performed be- 
tween 10 mm and 190 mm HAB using a precur- 
sor concentration of 0.5 mol l −1 zirconium butox- 
ide in butanol. Fig. 5 shows the scattering results in 

the flame from 10 to 70 mm HAB including error 
bars based on the standard error of the summed 

up SAXS data and the unified fit by Beaucage 
[33] . Considering the good signal-to-noise ratio, the
setup is suitable for in situ SAXS measurements in
a turbulent flame and in the same absolute inten- 
sity range as the results by Jossen [24] . The over- 
all intensity increases and the signal-to-noise ratio
for larger scattering vectors improves with growing



Fig. 5. In situ SAXS data for HAB 10–70 mm (in the 
flame). 

Fig. 6. In situ SAXS data for HAB 70–190 mm (above the 
flame). 
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Fig. 7. TEM images in two magnifications of zirconia 
nanoparticles extracted for HAB 70–190 mm (above the 
flame). 

Fig. 8. Porod invariant of in situ SAXS data at different 
HABs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AB. This behavior confirms the existence of par-
icles already at 10 mm HAB and shows a growth in
ize and number of the particles. Starting at HAB
0 mm, a Guinier region is clearly visible by the
hange of slope at q = 0.2–0.4 nm 

−1 allowing the
etermination of a radius of gyration and subse-
uently, a mean diameter for primary particles. The
ize of prospective large aggregates is beyond the q
esolution of the setup. 

Moving above the flame ( Fig. 6 ), the intensity
nd shape of the scattering does not change notice-
bly from 70 to 190 mm HAB. As the shape of the
cattering curve stays the same, the particle forma-
ion and aggregation process seems to end at the tip
f the flame at 70 mm HAB. 

To compare these results, TEM samples were ex-
racted above the flame using a hole-in-tube probe.
ig. 7 shows TEM images of the same HABs
s Fig. 6 in two magnifications. The images with
ower magnification reveal aggregates of different
izes for 70–190 mm HAB. With distance from
he burner, fewer single particles appear and the
aggregate size, although very polydisperse, seems
to increase. In contrast to the SAXS results, this
suggests an ongoing aggregation above the flame.
However, this is only one image of a few particles
whereas the SAXS measurements sample a tempo-
ral and spatial cross section of the beam through
the width of the flame. 

The images with higher magnification show the
primary particles. The average size and polydisper-
sity of the particles appear to stay constant con-
firming a full formation of the primary particles
above the flame. 

To obtain a better visualization of the results,
the Porod invariant was calculated for each scatter-
ing data set using Eq. (3) (see Fig. 8 ). The highest
value for Q is reached at 130 mm HAB showing the
highest scattering volume. Here, the particle forma-
tion is finished and the particle number density is
highest. In the flame up to 70 mm HAB, the in-
crease in Q appears linear showing the combined ef-
fect of particle formation, growth and aggregation
on the scattering volume. Above the flame up to
130 mm HAB, Q is still growing albeit slower sug-
gesting ongoing particle growth and aggregation.
The decrease of Q above 130 mm HAB, is a result



Fig. 9. Radius of Gyration and diameter based on radius 
of Gyration from SAXS scattering data at different HABs 
and from the powder sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Slope p of the Power Law Fit from SAXS scatter- 
ing data for both structural levels at different HABs and 
from the powder sample. 
of the dilution of the particles by air high above the
flame. These results confirm our findings so far and
show signs of aggregation above the flame not vis-
ible in the scattering data in Fig. 6 but in the TEM
images of Fig. 7 . 

Since an increase in Q can have multiple causes,
the next step is the determination of the primary
particle size in and above the flame. Fig. 9 shows the
radius of Gyration R g determined by the Guinier
fit (see Fig. 6 ) and the calculated diameter d Rg

based on this fit and the PDI. While R g is always
lower than d Rg , both show the same trend. Con-
trary to expectations, d Rg is not twice R g . In case of 
polydisperse particles, SAXS measurements over-
estimate larger particles in comparison to small
ones. The PDI in the calculation of the mean di-
ameter d Rg corrects this fact leading to a lower
result [19] . 

For the in situ measurements, this means a parti-
cle growth from almost 4 nm to 9–10 nm from 10 to
70 mm HAB and staying this size till 190 mm HAB.
These results are in good agreement with Jossen’s
in his last chapter [24] . The values of the powder
sample (last datapoint in the diagram) are slightly
lower than the in situ results. However, the powder
was collected in a different experiment at a differ-
ent day. The polydispersity of the primary parti-
cles is very high as is apparent in the TEM images
( Fig. 7 ) and the slow change of slope in Guinier re-
gion q = 0.2–0.4 nm 

−1 (see Fig. 6 ). This leads to
slight changes in the mean particle size between ex-
periments. 

Nonetheless, these results confirm on the one
hand the growth of primary particles in the flame
and on the other hand the termination of the for-
mation at the tip of the flame. 

The last step is the analysis of the fractal prop-
erties to investigate the aggregation of the particles.
In Fig. 10 , the slope p of both power law fits for
the first and second structural level is plotted over
the HAB. The first structural level describes the pri- 
mary particles with their size using the Guinier fit 
( Fig. 9 ) and their fractal dimension of surface us- 
ing the power law fit at larger scattering vectors 
q < 0.5 nm 

−1 . The slope p can obtain values be- 
tween 3 and 4 describing very rough to smooth sur- 
faces of the primary particles [34] . The in situ mea- 
surements show rough surfaces in the flame turning 
smooth starting at 50 mm HAB. This phenomenon 

can be connected to the primary particle growth in 

the flame ( Fig. 9 ) since the particles did not have 
time to perfect their spherical shape. The fact that 
smaller particles also have a greater surface to vol- 
ume ratio could explain why these imperfections on 

the surface have a stronger impact on smaller par- 
ticles. 

In the second structural level at small scattering 
vectors q < 0.2 nm 

−1 , the shape of the aggregates 
can be characterized with the fractal dimension of 
mass using the slope p as well. Here, the value of 
p refers directly to the dimension of the aggregate 
[34] . The slope p decreases from 2.8 to 1.7 in the
flame illustrating the development from three di- 
mensional to flaky aggregates. Although the slope 
p does not indicate the size, this decline suggests 
aggregation as small aggregates can only assume 
a spherical form and can only develop a specific 
shape through growth. The value of 1.7 is very typ- 
ical for flame made products [12] . Above the flame, 
no significant change of the slope p takes place sug- 
gesting that the aggregates still increase in size but 
do not change their general shape. 

4. Conclusion

In this work we presented a beamline setup and
measurement protocol to perform in situ SAXS 

measurements in a turbulent spray flame to gain in- 
formation about the particle formation process. In 
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itu measurements show that this setup at a SCD
eamline with optimizations regarding the optics
nd measurement routine is suitable for low scat-
ering experiments in a turbulent spray flame. 

The collected SAXS data at different height
bove the burner were analyzed using the unified
t by Beaucage and the Porod invariant. Com-
ined, these tools show a growth of primary parti-
les and simultaneously the aggregation of them in
he flame. The particle growth also leads to smooth
urfaces of the primary particles. Above the flame,
either the size of the primary particles nor the
ractal dimension of mass changes anymore. How-
ver, TEM images and the Porod invariant suggest
urther aggregation above the flame. These results
t the particle formation model “gas-to-particle”
nd confirm that SAXS can be used for in situ mea-
urements in turbulent flames to detect the forma-
ion and growth of nanoparticles in spray flame
ynthesis. 
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