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Abstract

Particles generated by spray flame synthesis (SFS) can exhibit impurities, with surface adsorbates and soot being the best-
known examples. Unfortunately, the extent to which the formation of these impurities can be characterized, and how their
formation can be avoided is not fully understood yet. In order to contribute to the understanding of the formation of
carbonaceous impurities, we investigated their formation using a standardized burner type (SpraySyn burner) while
synthesizing maghemite by the gas-to-particle conversion. Two approaches were followed to characterize the formation of
soot and surface adsorbates in this paper. Firstly, fabricated powders were analyzed by complementary powder analysis. In
this term, the detection of soot was negative, but powders contained carboxylates and carbonates, which were bound to particle
surfaces. The methodological procedure used allowed a reliable quantification of those adsorbates, and it was possible to
normalize their relative mass fractions (up to ~16%) to the powders' respective specific surface areas. The normalization
approach yielded a surface loading values of 0.84-0.85 mg m2. The methodical procedure and the data provided can be used
in the future to denote/compare SFS materials in sensitivity studies. Secondly, particles were thermophoretically extracted
from the process in situ and subsequently characterized by transmission electron microscopy (TS-TEM). Interestingly, particles
extracted at 5 cm height above the burner (HAB) (representing the center of the visible flame) showed amorphous core-shell
structures and amorphous aggregates, indicating a coexistence of soot alongside maghemite particles. Via reducing the
sampling time of the TS system to 1.5 ms samples were taken either from flame pulses (a state of high flame activity) or from
flame flickering (lower flame activity). A comparison of these samples showed that heterogeneous particle structures formed
predominantly in flame pulses. As samples extracted at 15 cm HAB neither showed amorphous coating nor amorphous

aggregates, it was indicated that soot fractions oxidize between 5 and 15 cm HAB.
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1 Introduction

Spray flame synthesis (SFS) is a versatile technique for fabricating a wide range of materials, including nanoparticulate iron
oxides (FexOy) with great potential for various engineering applications (Li et al. 2016; Strobel und Pratsinis 2007; Teoh et al.
2010). For example, superparamagnetic maghemite and magnetite particles derived from SFS can be utilized in medical
hyperthermia, drug delivery, and protein separation due to their magnetic properties (Huber 2005; Herrmann et al. 2009;
Pankhurst et al. 2003; Gupta und Gupta 2005; Majewski und Thierry 2007; Gul et al. 2019). In SFS, a liquid combustible
precursor solution is atomized into a self-sustaining flame (pilot flame) through a nozzle. The resulting spray ignites, and forms
a turbulent, reactive multiphase flow field in which particles can evolve through two distinct pathways. On the one hand,
particles are generated by the gas-to-particle pathway from gas borne product molecules via nucleation, agglomeration, growth
and sintering in the gas phase. On the other hand, particles are formed via the droplet-to-particle pathway implying a precursor
precipitation or reaction within the liquid phase (Teoh et al. 2010). In most cases all particles formed in one droplet will
agglomerate upon evaporation of the solvent followed by sintering. Therefore, particles formed by the droplet pathway are
typically much larger compared to particles generated via the gas-to-particle pathway. As several particulate functional
properties depend on the particles disperse characteristics, the dominance of the pathways critically affects the potential
material application. For example, the crystallite size, and the oxidation state greatly influence the magnetic saturation of
superparamagnetic iron oxides (Li et al. 2007; Chatterjee et al. 2003). However, also the powder purity (presence of non-
product species) critically alters the application. For instance in terms of iron oxides, superparamagnetic properties are also
altered by surface chemistry/purity (Sodipo und Aziz 2016). Having the relevance of powder purity in mind, some experimental
parameter studies have been carried out in the past decades, where it was addressed to what extent iron-based materials can be
prepared with certain purity.

Organic species can attach to particle surfaces, representing an important contamination type. For example, Grimm et al.
produced maghemite particles by atomizing either iron pentacarbonyl or iron (I11) acetylacetonate in toluene (Grimm et al.
1997a; Grimm et al. 1997b), and the authors investigated powder purities by means of Fourier Transform Infrared Spectroscopy
(FTIR) and Thermogravimetric analysis (TGA). In their study they concluded that CO, was bound to the particle surfaces,
which contributed up to ~2% of the total powder mass. More recent FTIR measurements, e.g., as conducted by Alkan et al.
and Meierhofer et al., have shown that much more complex species than CO; can also bind to particle surfaces (Alkan et al.
2020; Meierhofer et al. 2017). In their studies, the authors used SFS to prepare titanium- and iron-based materials, such as
LaCos.«FexOs perovskite, and the presence of surface-bound carbonates (COs%) and carboxylates (R-COO") was revealed. It
is well-known from wet-phase chemistry that carbonates and carboxylates can bind on iron oxide surfaces. In a recent study
Carvajal et al. have shown that nitrogenous species can also be present as impurities in SFS prepared iron oxide powders
(Carvajal et al. 2020) in case iron (111) nitrate (INN) is used as a precursor. The authors identified the presence of nitrogen by

coupling TGA measurements to Mass Spectroscopy, and stated that NOx species were attached on particle surfaces.



65

70

75

80

85

90

Preprint. Discussion started: 3 November 2023
(© Author(s) 2023. CC BY 4.0 License.

https://doi.org/10.5194/ar-2023-14 ’ '. A E R O S O L
Res ch

In addition to surface-bound adsorbates, elemental carbon (usually also referred to as graphite or soot) is another possible
impurity. It can either deposit as an amorphous layer on product particle surfaces, but can also form independent, amorphous
particles. In a study from Strobel et al. it was shown that graphite formation can be significantly influenced in certain SFS
setups by adapting the global oxygen stoichiometry (@) (Strobel und Pratsinis 2009). For this purpose, the authors used a
closed combustion chamber. The generated particles were studied by Raman spectroscopy, transmission electron microscopy
(TEM), and X-ray powder diffraction (XRD). Their experiment showed that carbon was formed significantly at oxygen
restriction @ >0.98. Thus, from this study it was indicated that a soot formation can be easily avoided using global oxygen
excess. However, as meanwhile shown by Carvajal et al. amorphous carbon can also form at high excess oxygen (Carvajal et
al. 2020). As shown in their study by TEM imaging, produced iron oxide were covered by carbon coatings with a few
nanometres of thickness. And during TGA-MS their samples showed high relative mass losses during heating (double-digit
%range). At first glance the study by Carvajal et al. appears to be contradictory to the study of Strobel et al. However, the
contradiction may be probably explained as different burner setups and precursor compositions were utilized in those studies.
Although elemental carbon can represent a impurity in FSP, it is noteworthy that carbon encapsulated iron oxides were also
prepared with manufacturer intension in the past. E.g., as presented by Li et al. and Herrman et al., carbon coatings can be
beneficial since they can prevent reduced iron oxide phases against oxidation (Li et al. 2013; Herrmann et al. 2009).

This very brief comparison of literature data shows quite different results in terms of formation of organic and inorganic
impurities in the SFS of iron-based materials. However, the differences in the literature data are by no means contradictory.
Instead, they are merely the result of the high degree of freedom that SFS offers. Hence, most studies used different burner
types, material systems, and precursor compositions, limiting the comparability of studies drastically. Therefore, it seems to
be beneficial in the future to develop and establish standardized SFS experiments for the characterization of product impurities.
For this purpose, standardized burner types as well as standardized precursor mixtures are necessary. Having such standard
procedures will then allow to perform fundamental studies to thoroughly investigate the mechanisms and specific conditions
controlling the formation of such impurities.

For the synthesis of iron oxides, a standard SFS setup was proposed in 2019 by Schneider et al. (Schneider et al. 2019). In this
publication, the so-called SpraySyn burner was presented, which established subsequently for laboratory experiments
(ABmann et al. 2020, 2021; Bierwirth et al. 2021; Foo et al. 2022; Kumar et al. 2023; Li et al. 2021; Martins et al. 2020;
Prenting et al. 2020; Prenting et al. 2021; Rahinov et al. 2020) and numerical investigations (Abdelsamie et al. 2021;
Abdelsamie et al. 2020; Abdelsamie und Thévenin 2019; Kirchmann et al. 2021; Kotalczyk et al. 2019, 2022; Martins et al.
2021; Nanjaiah et al. 2021; Saber et al. 2022; Sellmann et al. 2022; Skenderovi¢ et al. 2018; Wollny et al. 2020). By using the
SpraySyn burner and INN dissolved in Ethanol (EtOH) and 2-ethylhexanoic acid (2-EHA) as precursor composition, particles
predominately evolve by the gas-to-particle conversion making this setup a promising reference setup. Although this particular
setup has already been used in some experimental approaches, it was not systematically investigated for the formation of
impurities until now. To fill this gap, we characterized the formation of impurities, namely soot and surface adsorbates, using

two complementary approaches. In the first approach, we comprehensively investigated final powder products using offline
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powder analysis. For this purpose, powder samples were generated using different precursor concentrations. In the second
approach, we used thermophoretic sampling (TS) to extract particle samples from the process in-situ which were subsequently
analysed by TEM (TS-TEM). For this latter approach, a new TS probe was constructed and evaluated in our laboratory. As
several technical aspects must be taken into account in designing TS probing systems, we performed a brief literature study
concerning the development of TS probes in past decades. Hence, this publication also reflects some aspects in the history in
probe TS design. Noteworthy, it is well known that TS-TEM established as standard-technique for probing from aerosols.
However, it was dominantly applied for sampling from laminar diffusion flames, and reports which utilized TS-TEM for SFS
processes are still rare. Hence, we also address special issues which have to be taken into account for TS-TEM sampling from
SFS.

2 Material and methods

In this chapter most important information necessary to reproduce our experiments are presented. In section 2.1, details about
the burner setup and the precursor system are provided. Subsequently, in section 2.2, we present some analytical parameters
describing the experimental SFS flames utilized. In section 2.3 it is explained how powder samples were collected and
analyzed. The working principle of our TS probe is explained in section 2.4. There, the literature in terms of TS probing is

reviewed also.

2.1 Operating the SpraySyn burner and utilized precursor compositions

To generate the iron oxide particles, the SpraySyn burner was used which was introduced in 2019 by Schneider et al. as a
standard burner to unify SFS studies (Schneider et al. 2019). As shown in Figure 1, the burner consists of a nozzle centrally
positioned in a porous bronze matrix. The nozzle itself consists of a central capillary (conveying the liquid feed) and a coaxial
gap (conveying the dispersion gas). The porous matrix allows two gas streams to flow concentrically through it. Firstly, the
pilot flame gas mixture passes the matrix close to the nozzle, necessary for the spray ignition. And secondly, an outer sheath
gas flow passes the outer region, aiming for a stabilization of the flame. A major advantage of the SpraySyn burner is the fact,
that the internal capillary can be adjusted very precisely via three micrometer screws after burner assembly in order to achieve
a rotationally symmetrical flame. Meanwhile, Bieber et al. and Karaminejad et al. found that flames from the SpraySyn burner
tend to produce flame pulsations (Karaminejad et al. 2023; Bieber et al. 2021). The time scale of the pulsations is in the lower
one-digit millisecond range. Hence, they are not visible to the "naked eye" or even in camera images (typically using higher
image exposure times). As shown in their studies, pulsations are a result of an aperiodic ignition of larger liquid feed lumps.
Small-sized droplet fractions are shielded physically from the pilot flame to a certain extent as the coaxial dispersion gas piping
is oriented parallel to the inner capillary. In contrast, large-sized liquid lumps can pass the dispersion barrier easier due to their
higher inertia moment. Subsequently, their ignition lead to the formation of large flame pulsation, representing a more active

flame condition.
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SpraSyn burner configuration
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Table 1: Utilized burner operating conditions. Flow rates referred to IUPAC standard temperature and pressure (273.15 K, 101.325 kPa).

dispersion gas liquid feed pilot flame gas sheath gas
o)} 0.1 0r 0.2 M INN in EtOH+2-EHA o]} CH. air
10 Ly min't 2 mL min* 2 Ly mint 16 Ly min? 120 Ly min't

The flow rates and gas types used for the burner are shown in Table 1. The liquid feed was delivered through the capillary by
a syringe pump (KDS Gemini 88 Plus, KD Scientific Inc.) and all gas flows were controlled with mass flow controllers
(Bronkhorst High-Tech B.V.). The burner was operated in an open combustion chamber. In our study, two precursor
compositions were used, which solely differed in precursor concentration. In particular, either 0.1 M or 0.2 M INN was
dissolved in a 35:65 mixture (v/v) of EtOH and 2-EHA. INN was manufactured from Sigma Aldrich (purity >99%), and EtOH
was obtained from VWR (MAK free, water content <0.20%-vol). 2-EHA was manufactured from Sigma Aldrich (purity
>99%).

At this point, it must be emphasized that the use of 2-EHA is well established in the literature, as its presence suppresses the
droplet-to-particle pathway. Hence, if one actually uses INN dissolved in pure alcohols (i.e., without 2-EHA) as precursor
composition, large spherical particles >100 nm are generated via the droplet-to-particle synthesis pathway (Tischendorf et al.
2021; Sorvali et al. 2021; Sorvali et al. 2019; Teoh et al. 2010; Strobel und Pratsinis 2011). According to current knowledge,
the reason for the benefit of the 2-EHA utilization is the fact, that Fe ions are protected against hydrolysis to non-volatile iron
hydroxides. Usually the temperature-driven INN precipitation already takes place at room temperature in some alcohols (Stodt
etal. 2019; Keller et al. 2020). As shown by Meierhofer et al, Stodt et al, Angel et al, and Strobel and Pratsinis ester formation
and carboxylation take place within the precursor solution in case 2-EHA is present (Meierhofer et al. 2017; Stodt et al. 2019;
Angel et al. 2021a; Angel et al. 2020; Angel et al. 2021b; Strobel und Pratsinis 2011), which apparently contributes to the

stabilization of the Fe-ions.
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2.2 Relevant analytical parameters

In literature several parameters derived from actual process conditions were identified either influencing the formation of
disperse particle properties or impurities. An overview of most important parameter is shown in Table 2. There, a brief
definition is given for each parameter. Additionally, we listed reference studies which used the corresponding parameter to
denote/compare SFS experiments. Most studies intended a parameter variation to examine its impact on the particle formation
by in situ diagnostics and/or by characterizing the final powder outcome. At this point it has to be highlighted that all mentioned
parameters presented result from analytical calculations considering the burner operation conditions and properties of the
precursor solution components. Therefore, by definition, they are independent of the burner type. And as the influence of the

burner type and atomization is neglected this way, it is not possible to describe SFS experiments using only these parameters.

Table 2: Analytical parameter affecting the particle generation in SFS.

symbol unit  parameter name description references
ratlo_of the solvent_ k_JOlIlng temp. to the (Jossen et al. 2005)
melting/decomposition temp. of the precursor
H k] ggas* combustion flame enthalpy density ratio of the flame enthalpy to its gas mass (Jossen et al. 2005)
(Strobel und Pratsinis
2009; Carvajal et al.

Ry - relative precursor volatility

division of the actual fuel to oxidizer ratio and the

¢ i oxygen stoichiometry stoichiometric fuel to oxidizer ratio 20205 Sorval! etal.
2021; Sorvali et al.
2019; Li et al. 2013)

£, ) particle volume fraction ratio of the volume occupied by the particle phase to the (Stefanidis et al. 2022)

total flame volume

(Li et al. 2007; Groéhn
SLR - spray to liquid ratio ratio of the liquid feed rate to the dispersion gas rate et al. 2014b;
Meierhofer et al. 2020)

As explained in section 2.1, two precursor compositions were processed in our study using the SpraySyn burner and we
summarized the corresponding parameter set for both synthesis in Table 3. As shown there, the influence of changing the INN
concentration is rather small. Only f,, is affected considerably. For calculating f, a conservative gas-phase temperature of
2000 K and a maghemite density of 4.88 g cm was assumed. To calculate the reaction balances, we assumed that the streams
from pilot flame, dispersion gas, and liquid feed were mix ideally, and species react/oxidize completely (forming Fe»Os, H20,
CO», Ny). The utilized reaction equations incl. their enthalpies are shown in the appendix (Table A 1). As shown in Table 3,
the relative precursor volatility should increase in situ. This is caused by the fact that EtOH evaporates preferably comparing
to 2-EHA from the droplet phase. Hence, the 35:65 mixture (v/v) of EtOH and 2-EHA is present initially, but 2-EHA
accumulates in situ in the droplet phase due to the EtOH evaporation. A comparison of the vapor pressure functions of 2-EHA,
EtOH, and solvent mixture of EtOH and 2-EHA is also shown in the appendix (Figure A 1)
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INN conc 0.1M 02 M Table 3: Comparison of
: - - analytical parameters for
solvent EtOH+2-EHA EtOH+2-EHA SFS experiments conducted.
Ryl- rises in situ from 1.14 to 1.56
D/ - 0.2624 0.2622
H I kJ ggas 3.106 3.101
f» (@2000K)/ - 1.516x108 3.029x108
SLR/mL Ly? 0.2

2.3 Powder collection and characterization

Both precursor compositions were utilized for particle generation and corresponding powders were collected by membrane
surface filtration. For this purpose, the flame aerosol was extracted above the flame at ~20 cm Height Above Burner (HAB)
by a fume hood utilizing a vacuum pump (Mink MM 1144 BV, Dr.-Ing. K. Busch GmbH). The hood was connected with the
surface filter by a 1 meter long flexible metal tubing (DN40). The filter medium used was an ePTFE membrane (R+B Filter
GmbH). Collected particles can experience thermal induced phase transformations and sintering. Hence, providing a sufficient
low temperature close to the membrane is mandatory to obtain a representative powder collective. Concerning iron oxides
phase transformations can take place already at temperatures in the lower three digit °C-regime. E.g., some iron hydroxides
can transform already 200 °C, and the maghemite-hematite transfer takes place in a range of 400-500 °C (depending on the
particle size and purity) (Cornell et al. 2003). Iron oxide phases can also experience sintering. However, sintering usually takes
place at even higher temperatures (Rosenberger et al. 2022; German 2014; Mikami et al. 1996). In our experiments, we
measured steady-state temperatures in a range 100-150 °C via thermocouple close to the membrane, which represented a
sufficient temperature range to avoid phase transformations and sintering. Additionally, a thermal dsintegration of the filtration
membrane was excluded at this temperature.

A red-brownish, strongly hydrophobic powder was obtained in both syntheses after one hour of synthesis time. The powders
were stored and subsequently characterized by powder analytical methods. To obtain information about the particle phase and
the presence of elemental carbon, samples were analyzed by TEM and Raman. Raman spectroscopy was conducted using an
inVia™ confocal Raman microscope (Renishaw plc.). A low laser intensity of 1% at 633 nm (0.175 mW) was used to avoid
any phase transformations that could occur during Raman measurements otherwise (Hanesch 2009). Each measurement
consisted of 50 repetitions, with each repetition lasting 10 seconds, resulting in a total sampling duration of 500 seconds. TEM
samples were analyzed using a JEOL JEM-ARM200F high-resolution microscope with Cs-correction and field emission
HRTEM-STEM capabilities. Conventional carbon-coated Cu-grids (S160, PLANO GmbH) were used. The TEM grids were
dipped into the powders for preparation. Quantitative information about the particle structure properties and the presence of
impurities was derived by Brunauer-Emmet-Teller N, physisorption (BET), Attenuated-total-reflection-FTIR (ATR-FTIR)
and TGA coupled with Differential Scanning Calorimetry and Mass Spectrometry (TGA-DSC-MS). FTIR measurements were

conducted on a Vertex® 70 spectroscope. The absorbance was measured in the wavelength range of 370-4500 cm™ with a
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resolution of 4 cm™. A platinum holder was used for ATR measurements. For TGA-DSC-MS, a STA 449 F1 Jupiter® device
was employed. The powders were pressed into pellets and heated from 25 to 1000 °C in a silicon carbide oven under either
synthetic air or argon as atmosphere (heating rate of 7.5 K min'). The gas atmosphere during TGA-DSC was monitored by
MS using a QMS 403 Aéolos® quadrupole device, and mass to charge (m/z) ratios of 18 (H»0), 44 (CO), and 32 (O,) were
monitored.

By utilizing the BET (Brunauer et al. 1938), the samples mass specific surface area (S,) was determined using a Quantachrome
Autosorb 6 instrument at -196 °C. Prior to the measurements, the samples were vacuum-degassed overnight at 120 °C. The S,
calculation was performed using five points in the relative pressure region between 0.1-0.3. Considering that S, is given by
the ratio of the cumulative surface of all particles, }; S;,, to their cumulative mass, ;; M;, an equivalent primary particle
diameter dpp gy Can be calculated by equation (1). To define dpp ger, the relation assumes that they are of perfect spherical
shape, and uniform size. Hence, dpp g Can be considered as the samples surface equivalent, mass-weighted average particle
diameter. With Spp and Vpp as surface and volume of such a primary particle and the equivalent primary particle size, N the

total number of primary particles, and p the material density:

_ZiSi, _ XiSi , N-Sep 6
XiM;  pXiVi p-N-Vpp p - dpp ger

Sa M

2.4 Thermophoretic sampling and transmission electron microscopy (TS-TEM)

During processing the low-concentrated precursor composition (including 0.1 M INN), particle samples were additionally
extracted at two HAB positions, namely at 5 cm HAB and at 15 cm HAB. For this purpose, a customized TS probing system
was designed and characterized. At the beginning (2.4.1), a short excursion into the literature is made. There, an overview
about TS sampler systems developed in the past decades is presented. Note, in this section the focus lies on the design issues
for TS probes. Further information in terms of TS theory (e.g., concerning determination of in-situ particle volume fractions
and particle fractal dimensions by quantitative image post processing), the reader is referred to the literature listed there. In the
subsequent section, the principle of our TS system is explained (2.4.2). In the last section, it is explained to what extent the

TEM-grids exposure time can be adjusted by using our sampler technique (2.4.3).

2.4.1 TS theoretical background

TS-TEM has been widely used in the past to study soot, primarily in diffusion flames, and established as essential technique
for obtaining direct information about particle morphology through TEM analysis. TS-TEM offers several advantages over
other experimental methods, particularly in terms of providing direct insights into particle crystallinity and shape. This enables
the identification of carbon depositions, representing amorphous particle coatings and amorphous aggregates. Although TS-

TEM has become a standard procedure, different TS probes have been developed over the last years, which differ in their
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specifications and their working principles. The initial TS method was introduced by Dobbins and Megaridis, where a TEM
sample grid was inserted into a diffusion flame using a pneumatic cylinder (Dobbins und C. M. Megaridis 1987). While many
researchers have replicated this approach, more complex and versatile probes have been developed. For instance, Leschowski
et al. designed samplers with sufficient chamber sealings for particle extraction in high-pressure chambers (Leschowski et al.
2014). Varges et al. developed a highly automated sampler capable of continuous extraction of multiple samples over time
using a multi-probe system (Vargas und Gulder 2016). A summary of studies utilizing TS probes which can be used for TEM
evaluation is provided in Table 4. The studies are compared in respect to their sampling time (t,) as well as the gas phase
process and material systems they were applied to. Probes that deviate significantly from the approach of Dobbins and
Megaridis are highlighted, and their methodological differences are briefly explained. Based on this brief review of the
literature, three general considerations for probe design emerged in our study. First, TS can perturb the reactive flow,
potentially leading to experimental biases (Lee et al. 2008a). To minimize this effect, TS-probes (which are typically flat in at
least one dimension) should be oriented parallel to the flow field. Second, the ability to adjust t is advantageous for various
reasons. It is particularly beneficial to adjust lower ¢t to prevent grid thermal decomposition and achieve low grid loading
densities. This is especially mandatory if the identification of individual particle structures is aimed. Third, way sampling
which means that particles are sampled during the grid's traversal to the sample position, can lead to a bias in the extracted
particle ensemble, and has to be considered. Two approaches exist to deal with this last issue. One option is to adapt very high
sampling times compared to the traversing time, making the bias simply negligible. Alternatively, the TEM sample grid can
be physically protected/shielded from the hot flame atmosphere during passage. In case the latter approach is used, technically
advanced probing systems are necessary, which can be referred to as shutter techniques due to their principle. Usually, those
techniques also allow a flexible adjustment of t,, and hence, they represent the state of the art in TS-probe types. In summary,
TS probe designs have addressed issues related to flow perturbation, adjustable sampling times, and way sampling bias. Those
issues were considered in our probe design, and we also tailored a shutter TS probe, allowing a flexible adjustment of the grid
exposure time, t,.

Table 4: Comparison of experimental reports which utilized TS-TEM. The literature was compared with respect to the
material system, the process type, the sampling time, but also to the technical TS probe specifications as far as explained by
the authors. Most reports utilized a comparable TS probe to the initial approach of Dobbins & Megaridis (Dobbins und C. M.
Megaridis 1987). In case major adaptions/new concepts were applied and developed, reports are highlighted (blue-coloured
rows). Some probes protect the TEM sample grid during its translation to the sample position and can be referred to as
shutter techniques. Although we comprehensively compared a variety of literature references, we assume an unknown
amount of possible other principles that exist in various laboratories. Some of them might have not been published so far.
Abbreviations: DF = Diffusion Flame, L-CVP = Laser Chemical Vapor Precipitation, SFS = Spray Flame Synthesis, NI =
No Information Found.

. . R shutter
source material process specifications of the TS probe used sampling time, t; technigue?
. First publication: TS by using a dual acting
(Dobbm_s l.md L Soot DF pneumatic cylinder. Sampling- and injection 30 -120 ms no
Megaridis 1987) -
durations were recorded.
(Hurd und Flowder $i0, DF (Dobbins und C. M. Megaridis 1987) 500 ms no

1988)




https://doi.org/10.5194/ar-2023-14
Preprint. Discussion started: 3 November 2023

© Author(s) 2023. CC BY 4.0 License. o ear
(Megaridis und . -
Dobbins 1990) Soot DF (Dobbins und C. M. Megaridis 1987) 36 ms no
(Hung und Katz 1992) Z(‘)?n?(s);g; DF (Dobbins und C. M. Megaridis 1987) NI no
(Koylg;;zd) Faeth Soot DF (Dobbins und C. M. Megaridis 1987) several seconds no
(J. Cai/N. Lu/C. M. . -
Sorensen 1993) Soot DF (Dobbins und C. M. Megaridis 1987) 15 ms no
(Koylu et al. 1995) Soot, Al, 04 DF (Dobbins und C. M. Megaridis 1987) NI no
(Ma et al. 1995) Soot DE Utilization of a sprlng-l_oadeq system instead of a 28-128 ms no
pneumatic cylinder.
(Sorensleggté;ld Feke Soot DF (Dabbins und C. M. Megaridis 1987) 15ms no
(Xing et al. 1996) Al, 04 DF (Dobbins und C. M. Megaridis 1987) 70 ms no
(Koylu et al. 1997) Soot DF (Dobbins und C. M. Megaridis 1987) NI no
. . ) Automated sample grid exposure under defined
{iuts el Zees) SisN, Lev atmosphere directly after the extraction A no
(Zhang ulr;cgélg\;legarldls Soot DF (Dobbins und C. M. Megaridis 1987) 30 ms no
Protecting the grid during its transfer to the
. sampling position by a flat protector shield. A
(EHEREE) S 245 second pneumatic cylinder is utilized to reject the SHs yes
shield for the grid exposure.
(Choi et al. 1999) Sio, DF (Cho 1999) 50 ms yes
(Heldelrrgnga;)n etal. Soot DF (Dobbins und C. M. Megaridis 1987) <100 ms no
ing, Eos}:gﬂ%gg) ALO, DF (Dobbins und C. M. Megaridis 1987) 40-100 ms no
(Cho und Choi 2000) Si0, DF (Cho 1999) 50 ms yes
(Lee und Choi 2000) Si0, DF (Cho 1999) 70 ms yes
(Arab'éggit)" etal. TiO, DF (Dobbins und C. M. Megaridis 1987) 50 ms no
(Janzen et al. 2002) Fez((;);,OZnO, Pla;?a, (Dobbins und C. M. Megaridis 1987) NI no
(Kammler 2002) Tio, DF (Dobbins und C. M. Megaridis 1987) 50 ms no
(Tsantilis et al. 2002) Tio, DF (Dobbins und C. M. Megaridis 1987) NI no
Protecting the grid during its transfer to the
(Hu et al. 2003) Soot DF sampling position by a protective tube. The grid 60-110 ms yes
exits the tube after reaching the sample position.
(Kammler et al. 2003) TiO, DF (Dobbins und C. M. Megaridis 1987) 50 ms no
(Hu und Koylu 2004) Soot DF (Dobbins und C. M. Megaridis 1987) 15-40 ms no
(Mueller et al. 2004) Zr0, SFS (Dobbins und C. M. Megaridis 1987) 50 ms no
(D’Alessio et al. 2005) Soot DF (Dobbins und C. M. Megaridis 1987) 20 ms no
(Kammler et al. 2005) Sio, DF (Dobbins und C. M. Megaridis 1987) NI no
(Neerz%%%r oylu Soot EDr:g?ﬁL (Dobbins und C. M. Megaridis 1987) 100-700 ms no
(Ifeacho et al. 2007) Sno, DF NI NI NI
(Lapuerta et al. 2007) Soot EDr:gTr?:e (Dobbins und C. M. Megaridis 1987) 600 ms no
Protecting the grid during its transfer to the
sampling position by a flat protector shield. A
(Lee et al. 2008a) Si0, DF second pneumatic cylinder is utilized to reject the 50 ms yes
shield for sample grid exposure. Multiple sample
holder dimensions available.
(Reimann et al. 2009) Soot DF NI NI NI
Utilization of a spring-loaded system instead of a
(Oltmann et al. 2010) Soot DF pneumatic cylinder. 100 ms NI
(Oltmann et al. 2012) Soot DF NI 30-100 ms NI
(Gréhn et al. 2014a) 7Zr0, SFS (Dobbins und C. M. Megaridis 1987) 10-150 ms no
(Leschowski et al. Soot DE Utilization of pressure resistant components to 67 ms -1873 ms no

2014)

allow sample extraction from high-pressure
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reactors. Mountable by flange-sealing at reactor

wall/window.

(Leschowski et al. S howski et al. 20 00

2015) oot DF (Leschowski et al. 2014) 100 ms no
Utilization of an electrical actor instead of a

tenhoff et al. oot pneumatic cylinder allowing the adaption of more -100 ms no

Altenhoff et al. 2016 S DF ic cylinder allowing the adaption of 3-100

precise sampling times.

(Goudeli et al. 2016) Zr0, SFS (Dobbins und C. M. Megaridis 1987) 40-110 ms no

Fully automated device to extract samples
subsequent on multiple grids. The grids are
Soot DF mounted on a rotational plate-system which is 3-8 ms no
driven by a stepwise acting rotor. The sampler has
to be implemented within the reactor space.

Soot DF (Vargas und Gulder 2016) 3-8 ms no

(Vargas und Giilder
2016)

(Vargas und Gulder
2017)

New approach without using conventional TEM
sampling grids. Instead, a SiC wire (13.5 um
(Carbone et al. 2017) Soot DF thickness) is traversed through to process volume 28-110 ms no
leading to thermophoretic deposition. TEM analysis
of particles attached on the wire.
Protecting the grid during its transfer to the
sampling position by a hollow rectangular protector
(Kunze et al. 2019) Si0, Plasma shield. The grid exits the tube after reaching the 5-10 ms yes
sample due to its inertia motion. The necessary
back force is provided by a spring-system.

DF and

(Suleiman et al. 2021) FeO SES (Kunze et al. 2019) 14 ms yes
The TEM-grid is located at a slider which is
protected by a stainless-steel protector. The

This work Fe203 SFS protector has a small recess. For sampling, the 1-30 ms yes

slider movement is initiated (forced back by a
spring). Hence, the grid passes the recess and is
temporarily exposed to the environment.

.4.2 Sampling probe working principle and sample preparation

Figure 2-(a) illustrates the key steps of the sampling procedure, captured by high-speed monitoring without the presence of a
flame. For this purpose, a Fastcam SA-X2 1080K-M3 camera was employed (software: Photron Fastcam Viewer 4 from the
manufacturer Photron Deutschland GmbH, Reitlingen, Germany). The camera settings were configured to achieve a temporal
resolution of 12 500 frames per second with a resolution of 1024x1024 pixels. As shown in panel 1, the probe is initially
positioned at the desired sampling location using a pneumatic cylinder, which takes approximately 100 ms. During this time
the TEM-grid (which is attached on a slim metal slider) is protected by a stainless-steel protector. Note, in panel 1, the position
of the inner slider incl. the TEM-grid is indicated. Once the sampling position is reached (panel 2), sampling is automatically
activated by a proximity sensor. Then, the TEM grid (which is mounted on an inner slider), is pulled back passing a recess
within the protector. As the hot flame aerosol streams through the recess, thermophoretic particle deposition takes place in this
time span (panel 3). Subsequent to the particle extraction, the TEM-grid is shielded again from the surrounding environment
(panel 4). Note, the protector parts on both sides of the recess need to be physically connected, and as visualized, a bridge
structure positioned downstream of the sampling position was used for this purpose. High-speed observations showed that the

flame aerosol flows unimpeded through the sample recess and was not affected significantly by the presence of the bridge
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construction. To provide a sense of scale between the TS-sampler and the flame, Figure 2-(b) presents a photograph of the
experimental spray flame using the SpraySyn burner (taken by SLR camera).

To explain the sampling principle more in detail a full illustration of the TS probe is presented in Figure 2-(b). Note, this
illustration shows the prepared TS-probe (ready to use), and hence, the TEM-grid is positioned at the right side of the recess.
For better visualization the front side of the protector is illustrated transparent (light blue). As shown, the overall TS probe can
be divided into three main parts: the shutter head (as already seen in Figure 2-a) a quick mounting connector, and the pneumatic
cylinder periphery. The development of the quick mounting connector was useful to allow a fast and easy mounting/reassembly
of the shutter head from the pneumatic cylinder periphery. As shown, the left side of the slider is attached to a tensioned spring,
providing the driving force for the slider movement. To hold the slider in position, a solenoid-controlled pin is used (the pin
passes a drilling in the slider). When the probe is inserted into the process for sampling, a proximity sensor gives an electric
signal to the solenoid which consequently goes ahead with the pin rejection. Note, as the shutter head can be demounted easily,
the probe preparation can be conducted within a clean air working bench. The preparation includes several easy steps: Firstly,
a TEM sample grid is attached to the tip of a slider using adhesive copper tape. Subsequently, the slider including the grid is
mounted inside the stainless steel protector, as depicted in Figure 2-(c). In this position, the slider is connected to the spring.
Next, the spring is tensioned by shifting the position of the spring tensioner. As mentioned, the slider is hold back in position
due to the solenoid-controlled pin. As the spring tensioner can be positioned along a certain length, a variety of different spring
geometries can be used in our TS probe.

12
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Figure 2: Visualization of the sampling principle and the dimension of our TS shutter probe. (a): visualization of the sampling process as
monitored by high-speed monitoring. Note, the grid is mounted on a flat slider which is located within a hollow steel protector. Hence, the
slider geometry is indicated by dotted lines. Panel explanation to (a): 1: Photo taken during traversing the probe by means of a pneumatic
cylinder in direction to the sample position. The grid is attached on a slider and is shielded against the environment by the hollow steel
protector. 2: Reaching the sample position. Sampling is activated automatically by means of a proximity sensor. 3: The slider is forced back
by a spring. Hence, the TEM-grid passes the recess and thermophoretic particle deposition takes place in this moment. 4: Automated rejection
takes place. (b): photography of the experimental spray flame taken via single-lens reflex (SLR) camera. (c): schematic construction of the
TS probe. Note different scales.

2.4.3 Adjustment of the grid exposure time, tg

The sampling time, t,, represents the time the grid needs to cross the exposed area of the sampling recess. As the movement
of the slider is initiated by a spring, it can be described as a harmonic oscillation, visualized in Figure 3. There, the grid
position is illustrated simplified by a point (representing the grid centre). In fact, the grid has a diameter of 3.05 mm. As
visualized, the grid enters the sampling recess at position x,,, and exits at position x,,, corresponding to times t,,, and t,,. By
considering the grids movement as a harmonic oscillation, t; can be calculated using equation (2). There, k represents the

spring constant, x; is the initial spring extension, and m; is the mass of the slider.

cos™ ! (Xﬂ) —cos™?! (Xﬂ)
tg =tex —ten = % Xi 2
vV k/rnsl
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The samplers’ geometrical parameters are fixed. In particular, the initial distance of the grid centre to the sample recess is 10
mm, and the recess width is 7 mm. Hence, the grid enters the recess at 10 mm and exits at 17 mm. Although those geometrical
parameters are fixed, the sampling time t, can be adjusted by changing k, m;, and x;. The initial spring extension x; can be
easily modified by adjusting the position of the spring tensioner. In our laboratory, we kept the slider thickness constant, and
slider mass was changed by adding additional mass to the slider. Therefore, our sliders have a 3 mm drilling hole on their top.
The drilling hole is highlighted in Figure 2-(b). The spring constant k can be modified by using different types of springs. In
our approach, we used springs from Gutekunst Co. KG as listed in Table 5, which are suitable for our probe for geometrical
reasons . In this brief overview, we show the possible ranges of t, for each spring type, showing a theoretical range from
approximately 0.5 ms up to 30 ms. For each spring type, the lower t; boundary was calculated using mg; =2.18 g (the minimal
slider mass without additional masses) and x; = 80 mm as the maximum initial spring extension. The upper thresholds were
calculated using mg; = 20 g (which was the maximum total slider mass we used), and x; = 28 mm as the minimum spring
extension. Note, that the theoretical minimum spring extension is 27 mm because the grid travels an additional 10 mm after
exiting the recess until it reaches a stopper at x,,4. Thus, the minimal theoretical x; is equal to 10+7+10=27 mm, and not 28
mm. However, we recommend using 28 mm instead of 27 mm for the minimal x; value to ensure that the slider is still forced

slightly after reaching the end position, x.,,4.

grid position described as harmonic oscillator function

grid is positioned initially at position x;
/(xi represents the initial spring extension)

[10 mm . grid enters the sample recess at x,,

1
-gm-------- r--— grid exits the sample recess at X,
1
|
1
|

ffffffffffffffffff <slider and grid reach the end position, Xgnq

Figure 3: lllustration of the grid
movement as part of a harmonic
oscillation function, according to

position x equation (2). The parameter x represents

—! -
1S
. | _
— time t

the position of the grid centre. The
sampling interval tg is determined by
ten and tey.
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springtype  k/ Nmm-1  t./ ms Table 5: Recommended spring types including their constants k, which can be
RZ-006KI 0.002 3.0-28.7 utilized for our TS probe including their theoretical range of sampling time t; by
RZ-006JI 0.004 21-203 changing the slider mass mg and initial spring extension x;.
RZ-003AlI 0.009 14-135
RZ-015KI 0.017 1.0-99
Z-0391 0.064 05-5.1
Z-051KI 0.097 04-4.1

In our approach particles were extracted from the SFS process using Z-0391 (k=0.064 N/mm) as spring type, and the adjustment
of t, was validated through high-speed monitoring, a priori. Figure 4 compares experimental and theoretical sampling times.
As shown, the Z-0391 spring allows for arbitrary changes in ¢t in the range of approximately 1-5 ms by adjusting either the

initial spring extension, x; (a), or the slider mass, mg; (b).

theoretical calculation measured by high speed monitoring
5 10
4] (a) reducing tg by increasing x; at minimal 8] (b) increasing t, by increasing m, at
. slider mass m,=2.18 g . minimal initial spring extension x=28 mm

(2] [%2]
e 34 g 64
\w 2 _ \w 4 _

14 2 -

Ot—7F—"T7T—""TFT"——"T—T T 0 T T T T T T T T

30 40 50 60 70 80 90 0 5 10 15 20

initial spring extension x; / mm slider mass m, / g

Figure 4: Comparison of theoretical and experimental sampling times (derived by high speed imaging utilizing a spring type Z-039I
(k=0.064)).

In (a) x; was increased stepwise at minimal slider mass (my;,=2.18 g). This way t, decreased from approximately 2 to 1 ms. In
(b) the slider mass was increased at fixed, minimal x;=28 mm. This way t, increased from approximately 2-5 ms. It is
important to note that the data presented is exemplary, as arbitrary other combinations of mg; and x; are possible. For the
experimental parameter set considered here, t, was determined three times via high speed monitoring, and the results were
highly reproducible. Note, there are error bars in Figure 4. However, they are mostly barely visible, especially in (a).
Interestingly, the experimental values systematically differed from the theoretical ones: For minimal mass (a) the experimental
values of the sampling time were significantly longer than calculated. In case of minimal initial spring extension (b) however,
the experimental values of the sampling time are rather slightly shorter than theoretically expected. We attribute the difference
between experimental and theoretical values to two reasons. First, the tendency observed in (a) suggests that an increase in x;
leads to increased friction between the slider and the protector. This can be explained by the asymmetrical forces exerted by
the spring on the inner slider due to the construction. As a result, the upper edge of the slider is slightly pushed against the

inner wall of the protector. Second, the tendencies observed in (b) indicate that the real spring constants slightly differ from
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the theoretical ones, as an underestimation of k in equation (1) leads to systematically higher sampling times. This systematic
overestimation of t; counteracts the influence of friction and becomes more relevant at low initial spring extensions or high
sampling times (as shown in panel b). We want to mention that there may be further minor effects contributing to the
discrepancy between theoretical and practical t; values. Examples are the neglection of the acceleration of the spring mass

itself, neglecting the effects of vibrations within the spring, and neglecting gas friction within the protector.
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3 Results and discussion
3.1 Powder characterization

Particles were generated by the SpraySyn burner using two precursor compositions (either 0.1 M or 0.2 M INN dissolved in
EtOH+2-EHA as solvent) and collected by surface filtration. Subsequently they have been characterized by powder analytics.
This way information concerning the particle phase, sizes, and purity were derived.

3.1.1 Evaluation of the particle phase and proof for carbon content

To detect carbon contaminations, Raman and TEM are established techniques in the literature. In this regard TEM is the more
direct method, because the morphology of the particle samples is directly visible. As shown for example by Li et al., Carvajal
et al., and Herrmann et al. carbon can be easily distinguished from iron oxides (which are usually in crystalline form) due to
its amorphous structure (Li et al. 2013; Carvajal et al. 2020; Herrmann et al. 2009). Raman was used by Strobel and Pratsinis
for carbon identification. In terms of Raman, the authors examined if the characteristic soot bands emerge in the powder Raman
spectra. Those bands are the so-called G and D bands and are present at 1300 and 1590 cm?, respectively (Strobel und Pratsinis
2009). Figure 5-(a) shows several typical TEM images for the powder derived from processing the low concentrated precursor

solution (0.1 M INN). In (b) the powders corresponding Raman spectrum is given.

(b)
graphite
| [ magnetite
[ | | | | |maghemite
Nl 11 11 | hematite
=}
I
P
"% 1575
g /
£
powder
——— —————1Ispectra
200 400 600 1400 1600

0.1502 g ] . 1
0.1267 : raman shift / cm

Figure 5: Proof for carbon by TEM (a) and Raman spectroscopy (b) for iron oxide samples made by SpraySyn and using 0.1 M INN
dissolved in EtOH and 2-EHA as precursor composition. Particles were collected by surface filtration. References explained in the text.

As illustrated in (a), the grid was covered by particles which were arranged close to each other. Mostly spherical primary
particles were observed, roughly with sizes <10 nm from first point of view (panel 1). As particles were closely arranged, it
was not possible to identify individual aggregate/agglomerate structures. It is noteworthy, that a minor fraction of hexagonal
particles with sizes >20 nm was also present, presumably originating from a suppressed droplet pathway. By TEM, the product
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particles crystallinity was proven for several particle ensembles using Fast Fourier Transformation (FFT). As shown in panel
3 the corresponding diffraction pattern indicated the presence of maghemite. By TEM, no evidence of amorphous particles
and/or amorphous particle coatings was found which would have indicated the presence of soot as contamination. Admittedly,
some very small particles appeared to be amorphous at first glance (exemplary shown in panel 2 and 4). However, under high
magnification (panel 5, 6), crystal planes could be easily detected even for those small particles, indicating crystalline iron
oxides. FFT reflections which were exemplarily derived at several positions were in agreement with the Raman measurements,
since they also indicated a maghemite presence. At this point, it must be briefly emphasized that Raman represents a simple
method to detect iron oxides based on their differences in spectrum <1000 cm™. The Raman spectrum in (b) is therefore
compared with references for maghemite, magnetite, and hematite from de Faria et al. (Faria et al. 1997). Note, we compared
the experimental features to a larger amount of literature data (see Table A 2 in the appendix). The comparison illustrates that
references from de Faria et al. can be considered as representative. According to the literature, hematite shows seven active
phonons namely at ~225-230 (Ayg), ~245-250 (Eg), ~290-295 (Eg), ~299-302 (Eg), ~407-414 (Ey), ~491-500 (Ayg), and 608-
615 (Eg) cm™. The vibration at ~290-295 cm is the most intense, followed by that at ~225-230 cmL. In addition, a longitudinal
vibration at about 654-663 cm™ may also become active if impurities and crystal defects are present. The peaks of hematite
are usually very sharp. In contrast to hematite, three main characteristic vibrations have been described in the literature for
maghemite, which usually form quite broad maxima. They exist at ~350-381 (T2g), 486-512 (Eg), and 700-730 (Aig) cm™.
Some authors (such as de Faria et al.) have also described that a shoulder can form at 665-670 cm™. Due to the structural
similarity, magnetite also forms three broad phonons, namely at ~300-310, ~332-554, and ~661-672 cm™. As seen in (b), the
experimental positions of the peaks were positioned at 350, 510, and 710 cm™. Also, a weak shoulder existed at about 650 cm-
1 Therefore, the positions of the peaks clearly indicate maghemite as the main phase. Interestingly in the higher wavenumber-
regions the Raman spectra showed the presence of two broad maxima, close to the position of the graphite D- and G- bands.
However, no graphite traces were detected in the powder by TEM. Hence, without examining the samples by TEM, the
presence of these bands could falsely suggest a graphite presence, but in this case, they are likely to belong to the maghemite
spectrum. As shown by de Faria et al., the maghemite phase can also give rise to two vibrations in higher wavenumber regions
(see referred maxima positions for maghemite in (b)).

0.2 M INNH 168 0.2 M INN-

0.1 M INNH 197 0.1 M INN— 6.2

0 50 100 150 200 250 0 2 4 6 8

Splm?g? dppger / NM

Figure 6: BET data for maghemite samples prepared by SpraySyn and utilizing two concentrations of INN as precursor dissolved in EtOH
and 2-EHA. Particles were collected by surface filtration.
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As can be seen from the TEM illustrations (in particular from panel 1), primary particle sizes were roughly <10 nm. To obtain
further information about the average primary particle diameter, equation (1) was used. Hence, the primary particles
equivalence diameter dpp gy Was derived by considering the BET specific surface area (S,). From the comparison of the BET
values (Figure 6) it can be seen, that a smaller specific surface area, was derived by processing a higher precursor
concentration. Which indicates a larger equivalence diameter in consequence. For the calculation of dpp ey the density of

maghemite of 4.88 g cm was used.

3.1.2 Identification of surface-bond carbonates and carboxylates

Even if powder samples appear to be pure by TEM microscopy, small amounts of impurities still may be present. Their
existence can be verified by complementary techniques such as ATR-FTIR and TGA-DSC-MS. In this regard, IR
measurements offer the possibility to make qualitative statements about existing bond types and hence indicate the presence
of functional groups on the particle surface according to the IR-active vibrations in the powder spectrum. The ratios of the

peak intensities also allow semi-quantitative statements. The ATR-FTIR spectra of both powders are compared in Figure 7.

(a) (b) 1420
_ 1520
>
INN ~f 1460
= ’
EtOH
- 0.2 M INN
= LA I DL L B N
Z_EHAM g\) 1650 1600 1550 1500 1450 1400 1350
p c
2962 1420 || _
1520~ | 5
\ 2935 ” | <
2877 |/! =
ly /| 1300 :
‘\v\ / 2868 ] \J\ |
0.2 MINNE | R A V| 0.2 M INN
L B L — T T T T I
3000 2500 2000 1500 1000 500 3000 2950 2900 2850 2800 2750
v/cm? v/cm?

Figure 7: ATR-FTIR spectra for maghemite samples prepared by SpraySyn and utilizing two concentrations of INN as precursor dissolved
in EtOH and 2-EHA. Particles were collected by surface filtration. (a): comparison of sample spectra to spectra of the precursor formulation
components (INN, EtOH, 2-EHA), (b): spectra magnification in 1650-1350 cm%, (c): spectra magnification in 3000-2750 cm.
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In all sub-panels, the powder spectra were normalized to their local maximum at ~600 cm™ representing the product-phase
vibration (FeO vibrations). As indicated in (a) a single local maximum was found at the 580 cm location for both samples.
The presence of a single maxima at this position is characteristic of small-scaled vacancy disordered maghemite. This was
demonstrated, for example, by Li et al. on SFS-produced maghemite with XRD-crystallite sizes <8 nm (Li et al. 2007). Hence,
in terms of phase identification, the FTIR spectra are therefore in agreement with the Raman and TEM conclusions. As also
shown in (a), both samples showed further intensely pronounced peaks in the higher wavelength range, unambiguously
revealing the presence of organic species. Since we did not excluded a priori that feed components (INN, EtOH and 2-EHA)
could enter the surface filter (e.g., in case non-burned droplets bypass the flame), we determined the spectra of these pure
substances. As shown in (a), the powder spectra differed clearly from each component’s spectrum, so the presence of droplet
residues could be ruled out. To identify the impurities, the dominant peak positions/shapes were subsequently compared to
literature data. As can be seen, maxima were positioned at 2962, 2935, 2877, 2867, 1645, 1520, 1420, and 1300 cm™. In
addition, a slight shoulder existed at 1460 cm™*. The quartet of vibrations at 2962, 2935, 2877, and 2867 cm™ was found to be
due to stretch vibrations of methyl and methylene groups (CH», CHs), indicating the presence of aliphatic structures (Zhu und
Hill R. H. 2002; Lee et al. 2008b). Moreover, according to the literature, the strongly pronounced double peak at 1420 and
1520 cm* indicates the presence of surface-bound carboxylates (R-COQ") and/or carbonates (COs%). Note, the double peak
evolves from their C-O stretch vibrations. Possibly, the aliphatic groups are therefore associated in the molecular rest (R) of
carboxylates. At this point, it must be emphasized that free carboxylates and carbonates show the stretch of their C-O groups
at one wavelength (Bargar et al. 2005). However, as soon as the oxygen atoms are bound other species, a split of the C-O
vibrations into two vibrational levels takes place, namely a symmetric and an asymmetric stretch (Bargar et al. 2005).
Typically, carboxylates and carbonates form complex bonds with metal atoms close to the particle surface, and a variety of
different bond coordination exist (monodendate, bidendate, etc.). The exact position of the resulting double peaks depends on
both the bond type and the bonding ligand’s chemical structure. Due to this sensitivity, various FTIR references have been
published for a wide range of possible carbonate/carboxylate compounds with iron oxides. For example, Do et al. observed
vibrations split into 1518 and 1438 cm™ for oleic acid-coated iron oxides (Huu Do et al. 2013), and Lee et al. reported oleic
acid carboxylation vibrations on maghemite surfaces at 1550 and 1433 cm™ (Lee et al. 2008b). Regarding carbonates,
Rémazeilles measured spectra of synthesized chukanovide, Fe,(OH),COs, showing different carbonate vibrations at 1525,
1465, 1401, and 1357 cm™ (Rémazeilles und Refait 2009). In terms of the SFS it was already stated in literature that
components from the gas phase can bind on particle surfaces (Grimm et al. 1997a; Grimm et al. 1997b; Alkan et al. 2020).
Consequently, it should be assumed that small particles or powders with high specific surface area can carry a higher relative
number of impurities. And in fact, the powder sample derived from 0.1 M INN (which had the higher S,-value) showed a
higher relative intensity of all organic vibrations (relative to Fe-O vibration). To visualize this phenomenon, magnifications
are provided in Figure 7-(b) and (c).

Subsequently to the ATR-FTIR spectroscopy, TGA-DSC-MS measurements were performed for two reasons. First, we wanted

to use the measurement to quantitatively determine the relative mass fraction of impurities in both powders. And second, we
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wanted to check how the organic impurities behave at higher temperatures. The latter aspect was addressed to answer the
question if the manufactured powders could be purified by thermal treatment (e.g., in a laboratory furnace). The two powders
were heated up to 1000 °C in the TGA-DSC, and the gas atmosphere was monitored online by MS. In latter regard, m/z ratios
of 18 (H20), 32 (O), and 44 (CO,) were traced. For each powder type, one sample fraction was exposed in synthetic air,
another one in argon. Figure 8 shows the complete TGA-DSC-MS data for the sample from 0.1 M INN. Qualitatively, the
sample from 0.2 M showed the identical thermal behavior. The quantitative differences between the two samples will be

discussed in the next subsection.
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Figure 8: TGA-DSC-MS measurements for maghemite samples made by SpraySyn and using 0.1 M INN in EtOH and 2-EHA in air (a) and
argon (b) gas atmosphere.

The data for treatment in air is shown in panel (a). In this atmosphere, initially, the sample exhibited mass loss accompanied
by water emission below ~200 °C. Since no significant signals other than m/z 18 were observed in this temperature range and
the DSC showed a slight positive curvature (weak endothermic event), the water release was attributed to physical water
desorption, with the desorption maximum at 120 °C. In the subsequent temperature range (>200 °C), the m/z 18 signal showed
strong maxima coinciding with exothermic DSC signals. Those events were accompanied by m/z 44 (CO,) maxima as well as

m/z 32 (O2) minima. The corresponding maxima ware identified at 227 and 273 °C (marked by lines in Figure 8). Those

21



485

490

495

500

505

510

515

Preprint. Discussion started: 3 November 2023
(© Author(s) 2023. CC BY 4.0 License.

https://doi.org/10.5194/ar-2023-14 ’ '. A E R O S O L
Res ch

events indicated presence of organic species, and it is evident that these species undergo oxidation in the medium temperature
range, resulting in the emission of CO./H,0 and consumption of O,. Hence, TGA-DSC-MS is qualitatively consistent with
the ATR-FTIR analysis. The evolution of the relative mass exhibited a sigmoidal shape due to the surface adsorbates oxidation,
reaching steady state at ~400 °C in air. As also shown in (a) a further exothermic event was observed at around 490 °C,
corresponding to the phase transformation of the particle phase from maghemite to hematite (Schwertmann und Cornell 2008;
Cornell et al. 2003). Samples were also exposed to argon (b) to investigate their thermal behavior under oxygen restriction.
Similar to the air experiment, the m/z 18 signal exhibited maxima at approximately 120 °C due to water desorption. However,
in contrast to the air treatment, more CO2/H,O maxima were observed over a wider temperature range. Obviously, the oxygen
restriction led to pyrolysis, resulting in the split of thermal events. Hence, the oxidation of organics was hindered by the absence
of oxygen. And in contrast to air, in argon CO; and H,O signals displayed four maxima at 273, 354, 385, and 690 °C,
respectively. In summary, the TGA-DSC measurements showed that the particle surface can be purified stepwise by increasing
the temperature. The purification is much more efficient in air. Thus, the data indicates that particle samples can be purified

by thermal annealing in a mild temperature range of 200-300°C in air.

3.1.3 Carbonate und carboxylate quantification

As mentioned, samples prepared from precursor solutions containing different precursor concentrations showed qualitatively
identical behavior during TGA-DSC-MS but differed quantitatively. The quantitative differences in the thermal behavior of
both samples are shown in Table 6. There it is presented that the mass loss of the sample derived from using 0.1 M INN in the
precursor solution was much higher than the sample from 0.2 M INN. This fact indicated already at first glance, that the
impurities are mainly present on the particle surface, so that the impurity amount scales with the specific surface area of the
powder. Additionally, mass losses in argon were higher than under air. This observation suggests that oxygen from the particle
phase was utilized for the oxidation of organic surface species during TGA-MS-DSC. As the impurities were expected to be
present as surface adsorbates, we calculated the mass loss caused by the oxidation of organics in air (150 °C<T<400 °C) and
we related those values to the samples BET specific surface area (S,). This normalization method aimed to derive a value for
the particle surface loading density (unit: mg m-2). Interestingly, the samples derived from both precursor solutions attained
nearly identical values this way (0.85 and 0.84 mg m-2). By assuming that the change in the INN concentration does not affect
the flame chemistry and the evolution of impurities significantly, the normalization supports the claim that contaminant species
are dominantly present on the particle surface. The mass losses caused by physical water desorption from the particle surface
(20 °C<T<150 °C) were also calculated and related to S,. This way, almost identical values were derived for the water presence

(0.14 mg m) for both samples.
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Table 6: Relation of mass losses determined by TGA-DSC-MS to the BET specific surface area (S,). Mass losses were either caused by
oxidation of organics (bound on particle surfaces) or by physical water desorption. The amount of water and organics can be normalized to
Sa-

INN concentration 0.1M 0.2M
total mass losses during TGA

air/ % 19.80 17.01
argon/ % 26.23 22.79

relation of mass losses during air treatment to S,
water relative mass: (m(50°C)-m(150°C))/m(50°C) / % 2.70 243
relating the water relative mass to S, / mg m 0.14 0.14
organic relative mass: (m(150°C)- m(400°C))/m(50°C) / % 16.67 14.12
relating the organic relative mass to S, / mg m 0.85 0.84

3.2TS-TEM

In our second experimental approach, samples were extracted from the process by thermophoretic sampling (TS) and the
corresponding particle ensembles were investigated by TEM with respect to structure and purity. The focus of this experiment
was on the detection of carbon as impurity. Two positions were chosen for TS extraction, namely 5 cm and 15 cm HAB,
representing very interesting positions for TS-TEM investigations. The position 5 cm HAB represents the center of the visible
flame as already shown in Figure 2. For this position it can be assumed that the particle formation, which is dominated by
agglomeration and sintering within the flame due to the high temperatures, is not completed so far (Frode et al. 2023). It is
also important to know that a droplet phase is still present at this position for the setup used (Karaminejad et al. 2023), so that
the evaporation of precursor and solvent and reactions in the gas phase take place here simultaneously. The 15 cm position is
about 7 cm above the visible flame tip. In a simplified numerical model, Fréde et al. showed that at this position the aerosol
temperature is already strongly reduced, so that primary particle growth via sintering mechanisms is already considerably
restricted there (Frode et al. 2023; Tischendorf et al. 2021). Hence, particles extracted at 15 cm HAB roughly represent final
particle structures. At these two positions, samples were extracted at different ¢, values. The aim was to achieve lowest possible

particle loadings to investigate single, individual agglomerates and aggregates.

3.2.1 Evaluating particle characteristics at 15 cm HAB

Initially, particles were extracted at 15 cm HAB, the position where primary particle growth by agglomeration and sintering is
almost complete. For this purpose, a sampling time with t,=100 ms was used (by exposing a TEM grid several times). Figure
9 (a) shows characteristic illustrations of this sample. As shown in panel 1, individual fine agglomerates and aggregates were
scattered over the grid. As shown, the spatial particle distribution was generally uniform. At first glance, particles of a few
tens of nanometers appeared to be present. Numerous particles were magnified, and some of them are shown as examples in
panels 2-5. It was observed that fabricated particles were rather compact in structure. For example, panel 2 shows an aggregate,

which consisted of only a few large primary particles, and thus, did not exhibit a fractal structure. Such structures were
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dominantly present. The particle examples in panels 3 and 4 showed even more compact structures (with panel 4 presenting a
hexagonal single particle without any agglomeration/aggregation). To illustrate the representativeness of the aggregates and
agglomerates shown, the particle size distribution at the identical sampling position is shown in (b). Note, the size distribution
was obtained via scanning mobility particle sizing (SMPS) by extracting an aerosol sample at the 15 cm HAB position via a
hole in a tube (HIAT) probe (Tischendorf et al. 2021). As proven by HIAT-SMPS, the particle sizes (i.e., equivalent mobility
diameter of aggregates) were dominantly in the size range of ~5-25 nm, which is in good accordance to the TEM illustrations.
In this regard, the mean size of the particle ensemble attained dp ), =10.5 nm and a distribution width of o; y=1.51. Going
back to (a), we observed that all particles showed pronounced crystal plane diffractions, and no indications for amorphous
structures/coatings were found. Some small particles appeared amorphous at first glance (see small particle in the upper right
of panel 4). However, when magnified (panel 5), crystal plane diffractions were clearly visible. In terms of the soot-detection

TS-TEM investigations were in absolute agreement to TEM examinations made on the final powder product.

(a) TS-TEM at 15 cm HAB with £,=100 ms (b) HIAT extraction
1 . : : 2 ‘ SMPS data x]054
: ogn=151
’ dp = 10.5 nm [

o 3 .
&
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Figure 9: Size and morphology of iron oxide particles collected at 15 cm HAB using SpraySyn and 0.1 M INN in EtOH and 2-EHA. (a):
illustrations of typical particle structures obtained by TS. (b): The corresponding mobility size distribution measured by SMPS after sampling
by means of a hole in a tube (HIAT) probe. With dp £, as electrical mobility equivalent diameter, N as number concentration, and o y as
number-weighted distribution width.

3.2.2 Evaluating particle characteristics at 5 cm HAB

At 5 cm HAB, particles were extracted from the center of the visible flame, a position where mixture formation, ignition, and
evaporation of precursor components take place. As it was assumed that a much higher temperature would be present at this
position compared to 15 cm HAB, shorter sampling times were used. Initially, samples were therefore extracted using t,=40
ms and the corresponding TEM illustrations are shown in Figure 10. Under low magnification (panel 1), it quickly became
apparent that thermal decomposition of the grid occurred despite t, was reduced. At this point, it must be briefly explained

that a TEM grid consists of a metallic mesh backbone covered by a thin carbon film. In panel 1, therefore, it can be seen that
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most of the carbon film has been decomposed. And as illustrated, only a few fragments of the film remained in the corners of
the mesh. Examination of the particles in these heavily impacted areas showed that very high particle loadings were obtained
(see the dense arrangement of particles in panels 2 and 3). Additionally, interestingly, several amorphous structures were
found. Those structures can be seen on panels 4-8. Here, 4 and 5 show two images under lower magnification, and some core-
shell structures are highlighted with asterisks. The panels 6, 7, and 8 show some of those particles under higher magnification
allowing a clearer visualization. As shown, the outer shells which have been amorphous were clearly distinguishable from
inner crystalline particle cores. The presence of these hetero-structures indicated the presence of amorphous carbon present
as thin layer on particle surfaces.

TS-TEM at 5 cm HAB with t;=40 ms

Figure 10: Results from TS-TEM experiments at 5 cm HAB using t; = 40 ms exposure time and SpraySyn with 0.1 M INN in EtOH and 2-
EHA as precursor composition.

Since it was not excluded that the partial grid oxidation/decomposition which took place at 40 ms could have contributed to
the formation of carbon layers, further samples were subsequently extracted at a much lower t, value. Hence a very short
sampling time of 1.5 ms was applied. To relate the sample extraction to flame pulses, which take place on the same timescale
(Karaminejad et al. 2023; Bieber et al. 2021) the sampling process was monitored using a high-speed camera. Two samples
were subsequently selected for TEM analysis: The first sample had been extracted at a time between two flame pulsations,
while the second sample was taken during a strong flame pulse. It should be emphasized that although the flame activity is
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significantly reduced in the interval between pulses, it does not drop to zero. In the literature, this flame state is also referred
to as flame flickering (Bieber et al. 2021). Figure 11 shows some exemplary TEM images of the flickering sample (a)
compared with particle structures of the pulse sample (b). The comparison of the samples by TEM showed clear differences
with regard to the presence of amorphous structures. Thus, no amorphous layers or amorphous individual particles were found
in the flickering sample, even after an intensive search. Instead, all particles were distinctly crystalline. On this sample,
numerous aggregates were found (panels 2, 3, 7), non-aggregated single particles (5), and large-scale particles which probably
originated from the droplet synthesis pathway (4). As shown in magnification (6 and 7), particles exhibited a high crystallinity
and clean surfaces.
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Discussions

TS-TEM at 5 cm HAB with t{=1.5 ms

(a) from flame flickering : (b) from flame pulsing

Figure 11: Results from TS-TEM experiments at 5 cm HAB using tg = 1.5 ms exposure time and SpraySyn with 0.1 M INN in EtOH and
2-EHA as precursor composition during a) flickering (i.e. period of low flame activity) and b) flame pulsing (i.e. temporarily high flame
activity).

In contrast, the pulse sample as shown in (b) exhibited strongly pronounced impurities in the form of amorphous structures.
Although aggregates were also found which were exclusively crystalline (panel 2), the grid was showing multiple core-shell

type particles (3, 4). Magnification of the edge regions of the particles showed, analogous to the 40 ms sample, that outer shells
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were amorphous, while inner cores were crystalline. Some of the outer layers showed also C-onion structures typical for
elementary carbon depositions (6). In addition, a few aggregates were found which were completely amorphous (see the
aggregate in panel 7 and the magnification in 8).

3.2.3 Relation of TS-TEM experiments

In summary, the TS-TEM experiments have shown that a solid, amorphous phase forms in the visible flame at 5 cm HAB. This
phase coexists with the highly crystalline particle phase and forms both amorphous individual agglomerates and particle shells.
Apparently, the formation of this phase appears during flame pulsations (i.e. high flame activity) rather than during flame
flickering. One possible explanation for our observations could be the formation of soot/graphite. The interesting fact that
both, the final powder product and TS-TEM samples extracted at 15 cm HAB, were microscopically pure (i.e., do not exhibit
any of these amorphous structures) suggests that this contamination oxidizes downstream of 5 cm HAB. From physical
perspective a presence/evolution of soot within pulsations indicate locally rich conditions (oxygen deficiency). The core-shell
particle structures in our study are qualitatively comparable to TEM images of carbon-coated iron oxides known from
literature, e.g., as shown by Hermann et al. (Herrmann et al. 2009), Li et al. (Li et al. 2013), and Carjaval et al. (Carvajal et al.
2020). As mentioned by Li et al. iron-based SFS materials may tend to form carbon shells due to the carbon-catalytic property
of iron. Some of the coatings examined in our study exhibited C-onion structures, which are typical of elementary carbon. The
possibility that the observed amorphous structures could show solvent components (EtOH, 2-EHA) is excluded, as those
species would evaporate in the vacuum of the TEM instrument. It is noteworthy to mention that TS-TEM experiments are
always subjected to a certain experimental bias caused by the TS principle (a temperature gradient must exist between the
TEM grid and the gas phase). In this consequence particles experience cooling during their thermophoretic motion which may
favor the formation of carbon on particle surfaces. Hence, we suggest evaluating and quantifying the presence of soot in this

SFS setup using further experimental and numerical techniques in future.

4 Study Conclusion

In our study, we investigated whether the formation of impurities (surface adsorbates and carbon/soot) takes place in the
preparation of iron oxide particles using the SpraySyn laboratory burner and by utilizing established precursor compositions
known from literature. The impurity formation was studied in two experimental approaches. In the first approach, powder
samples generated at two different precursor compositions were collected downstream of the SFS and subsequently analyzed
using complementary powder analytical techniques. It was found that maghemite was synthesized dominantly with average
BET primary particle sizes <10 nm. By TEM, no amorphous structures could be found which would have indicated carbon
deposits, so that the powders were designated as pure by TEM microscopy. However, complementary ATR-FTIR
measurements showed that organic species were still present in the powders in the form of carboxylates and carbonates. The

relative mass fraction of these organic impurities was measured by TGA-DSC-MS. All samples exhibited high mass losses
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this way (double-digit %-range), caused by the oxidation of the organic species, and it was indicated that the majority of
organics can be oxidized under air atmosphere in the temperature range of 200-300 °C. Hence, TGA-MS-DSC demonstrated
that SFS-produced iron oxides can potentially be purified via thermal annealing using laboratory furnaces. As it was assumed
from ATR-FTIR that carboxylates and carbonates were bound to the particle surfaces, values for impurity surface loadings
were calculated. Therefore, we related the carboxylates/carbonates relative mass fractions to the respective powders’ specific
surface areas as measured by BET. Interestingly, the samples which have been prepared from precursor compositions including
a different amount of precursor attained almost identical surface loading values (0.84-0.85 mg m). Assuming that the change
the precursor concentration has not altered the formation of carbonates and carboxylates, this confirms the theory that
impurities are dominantly present on particle surfaces. And apparently, if impurities are exclusively present on surfaces, their
relative mass content can be normalized to the particles specific surface area. This normalization approach could be used in
the future to quantitatively compare/denote the purity of SFS made powders in sensitivity studies.

In our second experimental approach, particle samples were extracted from two HAB positions along the flame axis using a
tailored thermophoretic sampler (TS) system and subsequently examined microscopically using TEM. TS-TEM experiments
conducted at 15 cm HAB (a position where particle formation is almost completed) showed that particles were microscopically
pure and highly crystalline. No amorphous structures indicating a contamination by elemental carbon were found at this
position consistent with the powder analysis described before. Interestingly, TS-TEM at 5 cm HAB revealed a completely
different picture. Numerous heterogeneous particle structures (particularly core-shell structures) were discovered using TS-
TEM. In most cases, crystalline iron-oxide particles were coated with an amorphous layer of a few nanometers in thickness.
By adjusting the sampling time down to 1.5 ms, particle samples were selectively extracted from either large flame pulsations
or flame flickering. The comparison of those samples showed that amorphous structures could predominantly be extracted
from flame pulsations which represent a reactive multiphase mixture of gas, droplets, and particles. Probably momentarily
under-stoichiometric conditions yield a momentary formation of elemental carbon. The co-existence of carbon aside of
maghemite particles is of relevance, as particle mechanisms and in situ diagnostics such as small-angle X-ray scattering
(SAXS) and wide-angle light scattering (WALS) may be biased to certain extend. Therefore, we encourage the consideration
of carbon in future experimental SFS studies. The qualitative findings from the TS-TEM experiments could be quantified and
compared in the future using complementary non-intrusive optical measurement techniques since an experimental bias cannot
be excluded due to the intrusive nature of the TS probe. In future approaches TS-TEM samples could additionally be analyzed
using electron energy loss spectroscopy (EELS) to provide quantitative information about the elemental composition of the

amorphous layers.
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Data and sample availability

Further information about methodical details (burner handling, precursor composition preparation) and data provided (TEM
illustrations, quantitative measurement data, highspeed recordings) will be available in an open source database

(www.spraysyn.org). Powder samples are available on request.
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Appendix

Table A 1: Reaction equations used for calculating SFS-relevant analytical parameter.

species molar fluxes oxidation reaction
liquid feed INN Fe(NO3)3*9H,0 6.66 umol s* 4 Fe(NO3)s > 2Fe;03 + 150, + 6N,
quuid feed EtOH C,HsOH 0.20 mmol s? CgH160, + 110,>8H,0 + 8CO»
quuid feed 2-EHA CsH160> 0.14 mmol st CoHsOH + 3 0,=>3H,0 + 2CO,
dispersion gas Oxygen 0; 7.44 mmol st -
pilot flame gas Methane CH4 1.49 mmol s CH4 + 20,>2H,0 + CO,
pilot flame gas Oxygen 0, 11.90 mmol s -
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Figure A 1: lllustration of vapor pressure data for solvents EtOH and 2-EHA as well as their mixtures. With (a): vapor pressure curves of
pure EtOH, pure 2-EHA and the 35:65 mixture used in this study, and (b): the boiling diagram of binary mixtures of EtOH and 2-EHA at
atmospheric conditions. Note, vapor pressure data was taken from REFPROP (EtOH) and Steele et al. (2-EHA) (Steele et al. 1997). As
visualized, due to the strongly different vapor pressure curves, EtOH should evaporates preferably in situ. Hence the characteristic parameter
Ry as described by Jossen et al. should rise accordingly.

Table A 2: Comparison of experimental Raman vibrations to literature (most intense vibration bold, second underlined) in the wavenumber
region <1000 cm. Note, within this table, the reference peaks of different phases are ordered (each column contains peaks measured in a
similar wavelength-regime and hence, the columns represent potential peak identifications for our experimental data. For instance: The
experimental shoulder at 650 cm could be explained by phonons of several phases.)

our sample: 360 510 650 720
y-Fe;03

Ty E¢ Asg

1 365 511 - 700

2 350 512 665 730

3 381 486 670 718

4 35 500 - 700
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a-Fe,03
Ag  Eg  Eg  Eg Eg Arg Eg  LOEy
5 229 249 295 302 414 500 615 660
6 226 - 294 - 408 493 608 663
7 225 245 290 - 407 491 608 654
2 225 245 291 - 411 500 611 661
4 225 247 293 299 412 498 613 -
3 226 245 292 - 411 497 612 -
Fe;0,
Tog Eg Ayg
1 310 554 672
6 - 670
7 330 537 663
2 310 540 670
4 300 532 661
3 - 532 667

References here: 1: (Jubb und Allen 2010), 2:(Hanesch 2009), 3:(Oh et al. 1998), 4:(Faria et al. 1997), 5:(Sklute et al. 2018), 6:(Dar und

Shivashankar 2014)
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