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ABSTRACT 

Nanoparticles have many unique properties compared with bulk materials. Iron and iron oxide 

nanoparticles are of great interest due to their biocompatibility and magnetic properties. Due to these 

properties, magnetic nanoparticles can be used in many applications (e.g., diagnosis and treatment of 

diseases, catalysis, sensing and as magnetic inks for printing). Despite intensive work in the field of 

magnetic nanoparticles, many challenges remain, such as the establishment of cost-effective synthetic 

routes. Atmospheric pressure chemical vapor synthesis (APCVS) and flame synthesis aerosol methods 

have previously been used to produce nanoparticles. 

Aerosols, including both engineered nanoparticles and particulate air pollution, can have adverse 

health effects. Fine particles emitted in large quantities from combustion processes are considered one 

of the most important health concerns worldwide. However, combustion processes are not the only 

source of harmful aerosols. An increasing amount of engineered nanoparticles are used in consumer 

products that are used in daily life. These nanoparticles can be released into the air and represent 

potential health risks. To analyze these health risks, aerosols must be characterized to increase our 

understanding of their behavior. 

The aim of this thesis was to develop an aerosol synthesis method for the production of tailored 

magnetic nanoparticles. A novel APCVS method was developed for the production of ultrafine, well-

characterized magnetic iron nanoparticles with controlled oxidation. An additional aim was to develop 

a sampling method for aerosol particles to be used in the physico-chemical characterization of 

combustion emissions. 

The APCVS method was used to produce iron and iron oxide nanoparticles using a conventional 

hot-wall reactor and, later, using the porous tube reactor developed in this thesis. The conventional hot-

wall reactor was used to study the synthesis of iron nanoparticles with controlled oxidation. Nearly 

pure magnetite and hematite nanoparticles were synthesized with primary particle sizes of 90 and 80 

nm, respectively. In addition, thermodynamic equilibrium calculations and a computational fluid 

dynamics (CFD) model were used to predict the oxidation state of the iron oxides and the reaction 

conditions during mixing. The results of these models agree well with the experimental results. 

This thesis introduces for the first time a porous tube reactor that was used to produce nearly pure 

iron and maghemite nanoparticles. This porous tube reactor, which operates based on the APCVS 

method, overcomes the difficulties faced by traditional hot wall reactors, such as wall contamination 

and fouling. The resulting particles exhibited a small primary particle size with a narrow size 

distribution and the correct phase. Moreover, the porous tube reactor offered a good production rate, 

rapid and complete mixing of gases, homogeneous conditions across the reactor volume, reduced wall 

deposition and fouling and pure synthetic products. In addition, the reaction conditions were modeled 

using a thermodynamic equilibrium model and CFD. A CFD model developed in-house was also 

introduced to predict the extent of nucleation, coagulation, sintering and agglomeration of the iron 

nanoparticles. The results of the CFD model agree well with the experimental results for the synthesized 

iron. 

The APCVS method enables the preparation of iron nanoparticles with controlled oxidation states 

in a one-stage process. Iron and maghemite nanoparticles were successfully synthesized using a novel 

porous tube reactor. The results of this thesis provide new knowledge about nanoparticle synthesis that 

can be utilized commercially. 
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1 General introduction 

An aerosol is defined “as a collection of solid or liquid particles suspended 

in a gas” (Hinds, 1999). Aerosols are ubiquitous in everyday life. Aerosol 

processes are also used to synthesize nanoparticles, which are defined as 

particles with diameters less than 100 nm (Edelstein and Cammarata, 

1996). Aerosol processes for nanomaterial synthesis are well established 

and commonly used (Kodas and Hampden-Smith, 1999). For example, 

carbon black, fumed silica and titanium dioxide have been produced on 

the industrial scale using aerosol processes over many decades (Strobel 

and Pratsinis, 2007; Ulrich, 1984). However, more accurate models and 

better control over aerosol processes are needed to better understand 

collision and sintering behaviors, to reduce process steps and to facilitate 

the development of life science and engineering applications (Buesser and 

Pratsinis, 2012). Aerosol characterization involves similar mechanisms as 

aerosol synthesis. As in aerosol synthesis, while there is good fundamental 

knowledge related to aerosol characterization techniques, more specific 

and applicable characterization techniques are still needed. 

This thesis studied the synthesis of iron and iron oxide nanoparticles. The 

effects of the process parameters on the formation and oxidation of 

nanoparticles were studied, and computational fluid dynamics and 

thermodynamic equilibrium calculations were used to predict and 

optimize the synthesis process. In addition, the impaction behaviors of the 

iron oxides were experimentally determined, including their bounce and 

de-agglomeration characteristics. Moreover, a new compact system for 

emission characterization was experimentally validated.  

The work in this thesis is published in four papers. In Paper I, atmospheric 

pressure chemical vapor synthesis (APCVS) methods were established, 

and reactor parameters were carefully determined. Experimental studies 

and theoretical models enabled the controlled oxidation of iron 

nanoparticles. Paper II continued the work described in Paper I. A porous 

tube reactor was presented for nanoparticle synthesis with simultaneous 

reaction and continuous dilution in a one-stage gas-phase process. The 
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process parameters and the mixing of the gases were evaluated by CFD. 

A thermodynamic equilibrium model was used to predict the chemical 

compositions of the synthesized nanomaterials. Iron and iron oxide were 

synthesized and characterized, thus enabling better understanding of the 

phenomena that occur during the process, such as oxidation, reactions and 

particle formation. Paper III describes the novel particle sampling system 

for toxicological and chemical characterization (PSTC). The sampling 

system consisted of a diluter, an impactor and a flow control system. The 

PSTC was validated using the high volume cascade impactor and the low 

pressure impactor as references. Paper IV studied the fragmentation and 

bounce of the iron oxide agglomerates during inertial impaction. The 

results of the iron oxide agglomerates were compared to those for 

agglomerates of TiO2. Different impaction surface materials were also 

used to determine their effect on the impaction. 

This thesis consists of six chapters. Chapter 1 includes two sections; 

“Nanoparticle synthesis” and “Physico-chemical characterization of 

aerosols”. In the section titled “Nanoparticle synthesis”, a short review of 

nanoparticle properties, applications, and general synthesis methods is 

presented. Next, the chemical vapor synthesis method is presented, 

providing more detailed insight into the synthesis of iron and iron oxides. 

In the section titled “Physico-chemical characterization of aerosols”, a 

short review of aerosol sampling and health effects is presented, followed 

by a description of the sampling methods relevant to this thesis. The end 

of the section briefly describes the fragmentation and bounce of the 

nanoparticles. Chapters 2-5 present Papers I-IV. Finally, Chapter 6 

presents and discusses the main results of the thesis.  

1.1 NANOPARTICLE SYNTHESIS 

1.1.1 Nanoparticle properties and applications 

Nanoparticles have many unique properties compared with bulk 

materials. The small size of nanoparticles, between molecular and bulk 

solid-state structures, results in altered magnetic, chemical, electronic, 

electrical, optical and mechanical properties (Kruis et al., 1998). One 

reason for this is that, as the particle size decreases, the ratio of surface to 
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bulk atoms increases, with most atoms present on the surface for 

nanoparticles (Oberdörster et al., 2005). Nanomaterials are currently 

widely used in many fields, and the market size for nanoparticles is 

rapidly increasing in fields such as energy storage, catalysts and 

biomedical applications (COM, 2012). 

Iron and iron oxides have a long history of applications, extending from 

pre-historic ironwork to novel nanoparticle technology. Since the 1930s, 

fine iron powders with various oxidation states have been synthesized at 

an industrial scale by a combustion process using iron pentacarbonyl as 

the precursor (Wildermuth et al., 2000). Hematite (α-Fe2O3), maghemite 

(γ-Fe2O3) and magnetite (Fe3O4) are the main iron oxides used in 

nanoparticle applications. Other iron oxides include wüstite (FeO), β-

Fe2O3 and ε-Fe2O3. Elemental iron itself includes the phases α-Fe, γ-Fe and 

δ-Fe (Cornell and Schwertmann, 2003; Huber, 2005; Teja and Koh, 2009). 

Table 1 presents the general properties of the iron and iron oxides. The 

most interesting properties of iron and iron oxide nanoparticles are their 

magnetic, chemical and electronic properties including single-domain 

effects, large surface areas, high coercivity and remanence, and 

biocompatibility (Gupta and Gupta, 2005; Teja and Koh, 2009). 

The unique properties of magnetic iron and iron oxide nanoparticles have 

led to many applications including magnetic inks for printing (Eiroma et 

al., 2012; Voit et al., 2003), sensors, recording materials, catalysts, pigments 

and ferrofluids (Beydoun et al., 2000; Laurent et al., 2008; Lian et al., 2004; 

Lu et al., 2007; Teja and Koh, 2009), and medical diagnosis and treatment 

(Fu and Ravindra, 2012; Mahmoudi et al., 2011; Qiao et al., 2009; Silva et 

al., 2011; Thomas et al., 2013; Wahajuddin and Arora, 2012; Weinstein et 

al., 2010). 
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Table 1. Properties of iron and iron oxides. 

 Species     

Property Iron Wüstite Hematite Maghemite Magnetite 

Molecular 
formula 

Fe FeO α-Fe2O3 γ-Fe2O3 Fe3O4 

Type of 
magnetism 

 antiferromag.2 weakly ferromag. or 
antiferromag.2 

ferrimag.2 ferrimag.2 

Melting point 
[°C] 

1535 1 13772 13502  1583-15972 

Density 
[g cm-3] 

7.9 1 5.9-5.992 5.262 4.872 5.182 

1 (Kodas, 1994), 2 (Cornell and Schwertmann, 2003) 

 

1.1.2 Nanoparticle synthesis methods 

Nanoparticles can be produced by three different routes: solid, liquid or 

gas routes (e.g. aerosol methods). The solid state route includes 

mechanical milling and mechanochemical synthesis (Tjong and Chen, 

2004). In mechanical milling, the bulk material is milled until the particle 

size reaches the nanoscale (Giri et al., 1994), whereas in mechanochemical 

synthesis, the precursor materials react during mechanical milling, 

resulting in the synthesis of nanoscale material (Pardavi-Horvath and 

Takacs, 1995; Tsuzuki et al., 1997). Solid state routes are typically low-cost 

techniques and simple to implement. However, these methods have 

several disadvantages (Pitkethly, 2003; Tjong and Chen, 2004) including 

large particle sizes, particle agglomeration, and relatively wide size 

distributions of the milled particles. Moreover, impurities from the milling 

materials and the process equipment itself can contaminate the product. 

In liquid state routes, a stoichiometric mixture of well-defined ions is 

prepared in a liquid medium. Under controlled conditions (temperature, 

pressure, pH), chemical reactions form insoluble compounds that 

precipitate out of solution. Filtering or spray drying is then used to collect 

these precipitates to produce a dry powder. A wide range of compounds 

can be produced by these inexpensive synthesis methods. However, 

bound solvent molecules, large liquid volumes, strict control over pH and 

low yield can be problems (Fotou et al., 2000; Lu et al., 2007; Pitkethly, 

2003). 
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Aerosol synthesis methods are commonly used for nanoparticle 

production due to their many advantages, such as impurity-free 

processes, a good ability to control the product, and continuous, rapid 

production (Kodas and Hampden-Smith, 1999; Kruis et al., 1998). Aerosol 

processes for nanomaterial production have a long history, and many of 

the methods and parameters for nanomaterial synthesis are well defined 

(Buesser and Pratsinis, 2012; Gurav et al., 1993; Kodas and Hampden-

Smith, 1999; Swihart, 2003). Gas-to-particle and liquid/solid-to-solid 

conversions are the aerosol processes used to synthesize nanomaterial 

powders. In the gas-to-particle conversion process, supersaturated vapor 

is achieved by physical processes or chemical reactions. Particles are 

formed by homogeneous nucleation at sufficiently high supersaturations. 

In the liquid/solid-to-solid conversion, solid or liquid reactants are 

suspended or atomized as solid particles or droplets, respectively. The 

aerosol containing droplets or solid particles then undergo reactive 

conversion to produce particles. (Gurav et al., 1993; Kodas and Hampden-

Smith, 1999).  

1.1.3 Chemical vapor synthesis 

Chemical vapor synthesis, also called chemical vapor condensation 

(Swihart, 2003), is a gas-phase (aerosol) process for nanoparticle synthesis. 

In CVS, gaseous precursor materials are brought together inside a reactor 

equipped with a heat source. In the heated zone of the reactor, the 

precursor materials rapidly undergo chemical reactions, such as 

decomposition, leading to the supersaturation of the vapor and instant 

particle formation via homogeneous nucleation (Chang et al., 1994c). 

CVS is a modification of the inert gas condensation (IGC) method. In IGC, 

solid precursor material is evaporated into an inert carrier gas and then 

mixed with cold gas to achieve supersaturation, leading to homogeneous 

nucleation and coagulation (Hahn, 1997; Swihart, 2003). The inert gas 

condensation method was demonstrated by Birringer et al. (1984), based 

on the original work of Granqvist et al. (1976). This method has 

conventionally been executed under high vacuum to prevent primary 

particle growth and agglomeration. However, low pressure decreases the 

production rate (Flagan and Lunden, 1995) and increases costs. Moreover, 
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many low vapor pressure metals and ceramics are not easily synthesized 

by physical evaporation (Chang et al., 1995). 

Compared to IGC, the CVS method offers the flexibility to produce a wide 

range of nanomaterials, as it is amenable to many precursor materials. 

Precursors can be selected from the wide range of precursor materials that 

are viable for Chemical Vapor Deposition (CVD). Moreover, CVS does not 

limit the use of solid and liquid precursors. However, the precursors do 

have to be in the gas phase when they are delivered into the reactor. This 

phase change can be achieved using bubblers and sublimation sources. In 

addition, either vacuum or atmospheric pressure can be used in the 

synthesis process (Swihart, 2003). 

Chang et al. (1994b) presented a CVS method to produce n-SiCxNy 

nanoparticles (6-10 nm) from hexamethyldisilazane under a pressure of 1-

50 mbar. Many different nanomaterials have been synthesized using the 

CVS method over the years. CVS has been used to produce metal 

nanoparticles, such as Co particles (Choi et al., 2001; Dong et al., 2002a). 

Moreover, a number of publications have reported the synthesis of 

ceramics, such as oxides, including ZnO (Ali et al., 2009; Bacsa et al., 2009) 

and ZrO2 (Srdic et al., 2000; Srdic and Winterer, 2006), and carbides 

including WC (Kim and Kim, 2004), Fe3C (Lee et al., 2008c) and SiC 

(Miettinen et al., 2011). In addition, the synthesis of nitrides or sulfides, 

such as ε-Fe3N (Li et al., 2004a; Li et al., 2004b; Li et al., 2006), has been 

reported. Furthermore, CVS represents a versatile method to synthesize 

nanocomposites, such as Fe/SiO2 (Kim et al., 2008), ε-Fe3N/γ’-Fe4N/α-Fe 

(Li et al., 2004a), Fe-Co alloy (Wang et al., 2003a), and Fe(C) and Co(C) 

nanocapsules (Wang et al., 2003b). 

1.1.4 Synthesis of iron and iron oxide nanoparticles by chemical vapor 

synthesis 

Iron and iron oxide nanoparticles can be synthesized via various gas-

phase methods including flame synthesis (Buyukhatipoglu and Morss 

Clyne, 2010; Kumfer et al., 2010; Strobel and Pratsinis, 2009), laser 

pyrolysis (Alexandrescu et al., 2011), chemical vapor synthesis (Moisala et 

al., 2006), spark discharge (Roth et al., 2004) and plasma synthesis (David 

et al., 2013; Kim et al., 2012; Lei et al., 2012). Chemical vapor synthesis 
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methods have been frequently used to produce iron or iron oxide 

nanoparticles. Recently, chemical vapor synthesis methods have received 

a great deal of interest due to the feasibility of using this method to 

produce iron seeds for carbon nanotubes (Moisala et al., 2006). 

Iron nanoparticles 

Table 2 lists the studies that have reported the synthesis of iron using 

chemical vapor synthesis methods. All studies reported in the table used 

iron pentacarbonyl (Fe(CO)5) as a precursor, using different methods to 

thermally decompose the precursors. The morphology of the synthesized 

iron nanomaterials varied depending on the other synthesis conditions. 

Huh et al. (1999) produced iron nanoparticles in a batch type vacuum 

reactor by thermally decomposing iron pentacarbonyl with a hot filament 

at temperatures of 60-70 °C. This produced hundred nanometer iron 

aggregates with a primary particle size of 5-6 nm. In most studies, the 

primary size remained relatively small due to the use of low pressure at 

the reactor. Choi et al. (2002) synthesized iron nanoparticles with a low-

pressure CVS method, with a similar experimental setup as Chang et al. 

(1994a). Fe(CO)5 precursor was vaporized at a temperature of 150 °C and 

decomposed in a tubular reactor furnace over the temperature range of 

400-1100 °C using Ar or He as carrier gases. A cooler was used to collect 

synthesized nanoparticles with mean diameters of 6-25 nm in the working 

chamber. The surfaces of the iron nanoparticles were slowly passivated 

using a mixture of argon and trace O2 atmosphere in the working chamber 

to obtain an iron oxide shell structure. Moreover, if Ar was used as the 

carrier gas instead of He, the primary nanoparticle size increased. At 

temperatures below 400 °C, nanoparticle powders could not be 

synthesized. Later, similar experimental methods were used to produce 

iron-based nanoparticles to study their structure and magnetic properties 

(Tolochko et al., 2005) and to produce iron nanoparticles to study magnetic 

fluids fabricated from iron nanoparticles (Yu et al., 2006). Tolochko et al. 

(2005) produced iron nanoparticles with an oxide shell and found 

magnetization values (215 emu/g) near the theoretical values when the 

particle size was 75 nm. Decreasing the particle size decreased the 

magnetization values. 
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Collection methods affect the properties of the synthesized particles. Lee 

at al. (2005) synthesized α-Fe and γ-Fe nanoparticles with CVS using 

Fe(CO)5 as the precursor and Ar as the carrier gas. Nanoparticles were 

collected in the chamber without cooling as in other studies (Choi et al., 

2002; Dong et al., 2002b). The average size of the nanoparticles varied from 

9.8 nm to 96 nm as the temperature was increased from 400 °C to 1000 °C. 

Nanoparticle sizes in these studies diverge from those observed in studies 

where the particles were cooled before collection, where the mean particle 

size was usually less than 30 nm, even at high synthesis temperatures. Size 

differences were attributed to the slow air cooling inside the chamber, 

where the resident heat energy of the nanoparticles leads to coalescence. 

α-Fe nanoparticles were synthesized at temperatures below 800 °C. 

However, the presence of amorphous iron oxide was also detected at 

temperatures of 400 °C and 600 °C, which could be due to the surface 

passivation process. A mixture of α-Fe and γ-Fe was produced at a 

temperature of 1000 °C. 

Many of the studies listed in Table 2 used inert carries gas. However, non-

inert carrier gases have also been used, in which case the carrier gas can 

also be one of the precursors. For example, Li et al. (2004b) synthesized α-

Fe nanoparticles with mean sizes ranging from 10 to 40 nm by CVS 

processes. Fe(CO)5 was used as the precursor and NH3 as the carrier gas 

in a tubular reactor furnace maintained at low pressure. The results 

showed that α-Fe nanoparticles were produced at 500 °C. At 700 °C, no 

clear XRD peaks were observed, indicating small, amorphous particles. 

Above 900 °C, the rapid decomposition of NH3 results in the synthesis of 

iron nitrates, such as ε-Fe3N and ζ-Fe2N. Later, Lee et al. (2008c) fabricated 

Fe3C with a similar reactor setup by mixing precursor gas with CH4 gas. 

They found that at high vacuum (1.33 Pa), only α-Fe was obtained 

regardless of temperature, which was varied from 500 °C to 800 °C. This 

can be attributed to the short residence time under high vacuum. 

Moreover, α-Fe was still obtained at a pressure of 101 kPa and 

temperatures up to 500 °C, whereas Fe3C was obtained above 650 °C. 

CVS has also been used to synthesize products other than particles. Lee et 

al. (2002) reported the production of ferromagnetic iron nanocluster wires 

(NCWs) using iron pentacarbonyl as a precursor. The precursor was 

thermally decomposed from 300 – 400 °C and subjected to a strong 
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magnetic field under vacuum, resulting in the formation of iron 

nanoclusters. These iron nanoclusters align along the lines of the magnetic 

flux, resulting in aggregation of the iron nanoclusters, producing iron 

NCWs. NCWs up to a few millimeters in length were produced over the 

class substrate with a diameter of 8-10 nm. Later, magnetic iron nanowires 

were produced (Lee et al., 2003) using a similar setup as Lee et al. (2002). 

The size and shape of these nanowires depend on the vapor pressure of 

the iron pentacarbonyl. This was explained by the size of the building 

blocks of the nanowires, which depends on the vapor pressure of the iron 

pentacarbonyl. Increasing the vapor pressure of the iron pentacarbonyl 

increases the size of the building block, resulting in larger diameter and 

longer nanowires. 

Iron oxide nanoparticles 

Iron oxides have also been synthesized by CVS as listed in Table 2. Other 

precursors in addition to iron pentacarbonyl were also used in the 

synthesis processes. Kim et al. (2005) used a batch-type CVS method to 

produce Fe-Co magnetic nanopowders. Fe(CO)5 and Co2(CO)8 were used 

as precursors. Different oxygen contents such as pure Ar and Ar with 1%, 

3% or 6% O2 were used in the carrier gas to study the oxidation of the Fe-

Co alloy clusters. Iron and cobalt were easily fully oxidized to Fe2O3, Fe3O4 

and CoO at oxygen concentrations over 3% and a temperature of 700 °C. 

This study showed that increasing oxygen concentration decreased the 

average primary particle size from 16.2 to 6.4 nm. Moreover, oxidized 

powders formed short chains due to their magnetism and high specific 

surface area. 

Karlsson et al. (2005) presented a gas-phase method for the production of 

size-controlled iron nanoparticles by thermally decomposing iron 

pentacarbonyl with N2 as the carrier gas. The particle size was controlled 

using DMA to classify 24-nm nanoparticles for use in sintering studies. 

These authors found that iron nanoparticles with an electrical mobility 

diameter of 24 nm are completely sintered at 700 °C, according to DMA 

measurements. More detailed studies using TEM revealed that fully 

sintered particles were observed above a sintering temperature of 1200 °C. 

However, diffractogram measurements of the TEM micrographs revealed 

that these particles were mainly Fe3O4. 
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Hollow β-Fe2O3 nanoparticles were synthesized using Fe(C5H7O2)3 as a 

precursor in the CVS process at a temperature of 800 °C and a pressure of 

400 mbar. The formation of hollow β-Fe2O3 resulted from the difference in 

the kinetics between the decomposition of the acetylacetonate group and 

the oxidation process. Hollow β-Fe2O3 nanoparticles were not observed 

when the experiment was conducted using Fe(CO)5 as a precursor and 

keeping all other process parameters the same (Lee et al., 2004). A similar 

experimental setup was used to produce hollow β-Fe2O3 nanoparticles for 

a phase transformation study (Lee et al., 2008a) and for an optoelectronic 

study (Lee et al., 2008b). Lee at al. (2009) used a CVS method similar to the 

methods reported in previous studies (Lee et al., 2008a; Lee et al., 2008b; 

Lee et al., 2004) to synthesize hollow β-Fe2O3 nanotubes. Nanotubes were 

synthesized at a temperature of 800 °C and a pressure of 400 mbar using 

Fe(C5H7O2)3 as a precursor. The synthesis time was extended to 6 h, 

differing from previous studies. The diameter of the hollow β-Fe2O3 

nanotubes was approximately 50 nm, and the length was approximately 

700 nm, with a single-walled bamboo-like structure. The evolution of the 

particle shape was attributed to the sintering of the hollow nanoparticles 

in chain-like structures during the long synthesis time (6 h). 
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1.2 PHYSICO-CHEMICAL CHARACTERIZATION OF AEROSOLS 

1.2.1 Aerosol sampling 

Aerosols are present in our everyday lives in many forms, such as 

atmospheric cloud droplets, smoke from traffic or residential wood 

combustion, and released engineered nanoparticles. In many fields, such 

as atmospheric science, air pollution and nanotechnology, the need to 

measure aerosol properties has increased dramatically in recent decades 

(Kulkarni et al., 2011). Some important characteristics of aerosol particles 

that need to be measured include size, shape, concentration, size 

distribution, adhesion and detachment of the particles. For example, in 

nanotechnology, the knowledge gained from these measurements can be 

used to adjust the process parameters of the nanoparticle synthesis to 

obtain higher quality particles. 

Aerosols may have adverse health effects. One of the most important 

health concerns worldwide is the emission of large quantities of fine 

particles from combustion processes (World Health Organization (WHO), 

2003). Local sources of these harmful fine particles include residential 

wood combustion and traffic. In residential areas where the major source 

of ambient air pollution is biomass combustion, increased asthmatic 

attacks and other respiratory symptoms as well as associated hospital 

admissions have been reported (Allen et al., 2008; Andersen et al., 2007; 

Boman et al., 2003; Mirabelli et al., 2009; Orozco-Levi et al., 2006; Schreuder 

et al., 2006). Moreover, exposure to diesel exhaust has been linked to a 

wide spectrum of adverse health effects on both morbidity and mortality 

(U.S. EPA, 2002). Combustion processes are not the only source of harmful 

aerosols. Increasing amounts of engineered nanoparticles are used in 

products for daily living. These nanoparticles can be released into the air 

and are potential health risks. To analyze these health risks, aerosols have 

to be characterized in depth so that their behavior can be predicted and 

understood. 

Physico-chemical characterization of aerosols can be performed in situ in 

real time or non-real time, in which case aerosols are collected for later 

laboratory analysis. In both cases, a representative sample from the 
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volume under study has to be drawn into the characterization instrument. 

To achieve representative sampling, care must be devoted to issues 

including isokinetic sampling, losses in the sampling lines, and dilution 

(Hinds, 1999; Kulkarni et al., 2011)  

Sampling lines and dilution are crucial factors affecting representative 

sampling. Losses in the sampling lines can be extensive, resulting in an 

inaccurate particle size distribution (Chen and Ahmadi, 1997; Gormley 

and Kennedy, 1949; Guha, 1997; Heyder, 1977; Thomas, 1958; Yook and 

Pui, 2006). Moreover, inappropriate dilution can change the chemistry of 

the sample (Lipsky and Robinson, 2006) or lead to incomplete quenching 

(Brockmann et al., 1984; Lyyränen et al., 2004; Ranade et al., 1976). In 

incomplete quenching, coagulation of the particles continues, leading to 

unwanted morphological changes. Moreover, dilution reduces the particle 

concentration as well as the temperature of the aerosol, making the sample 

suitable for the measurement device. For non-real time characterization, 

the aerosol sample has to be collected for later analysis (Kulkarni et al., 

2011).  

There are several ways to collect aerosol samples including inertia-based 

classifiers, thermal precipitators, settling devices and filters. Inertia-based 

cascade impactors, such as the Dekati Gravimetric Impactor (DGI), Dekati 

Low-pressure Impactor (DLPI) and High-volume Cascade Impactor 

(HVCI), can be used to collect aerosol samples. The DGI, the DLPI and the 

HVCI are all cascade impactors used in this thesis. Cascade impactors 

collect size-segregated particle samples, offering advantages over other 

samplers. The inertia of the particles is exploited in the design of the 

cyclones, which are sampling devices used to remove coarse particles from 

the sampled aerosols. The theoretical background of cyclones is well 

known (Kulkarni et al., 2011). 

1.2.2 Sampling of emissions for physico-chemical characterization 

The DGI was originally developed to collect particle samples from engine 

exhaust. The DGI includes four impaction stages and a backup filter. 

Particles are classified into five size ranges with aerodynamic cut-points 

(50%) of 2.5, 1.0, 0.5, and 0.2 µm at a flow rate of 70 L min-1 (Mathis et al., 

2005). The DGI has been used to collect particulate matter samples from 
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modern gasoline and diesel passenger cars (Mathis et al., 2005) and large-

scale medium-speed diesel engines (Sarvi et al., 2008a; Sarvi et al., 2008b; 

Sarvi et al., 2011a; Sarvi et al., 2011b), as well as to collect bacterial samples 

from greenhouses for exposure studies (Madsen et al., 2014). 

The Harvard HVCI was originally developed to collecting large quantities 

of particles for toxicological, biological and chemical studies (Demokritou 

et al., 2002). Sillanpää et al. (2003) presented a modified HVCI for the 

characterization of ambient air aerosol particles. The HVCI includes three 

impaction stages and a backup filter. The aerodynamic cut-points (50%) 

for four size ranges are 2.5, 1.0 and 0.2 µm at a flow rate of 850 l min-1 

(Pennanen et al., 2007). The HVCI has been used to collect particulate 

matter samples from European cities to investigate the chemical and 

toxicological characteristics of urban air (Gerlofs-Nijland et al., 2009; 

Happo et al., 2008; Happo et al., 2010a; Happo et al., 2010b). In addition, it 

has been used to collect indoor and outdoor particulate matter samples to 

study the variation in the chemical and toxicological characteristics of 

these samples (Happo et al., 2013a; Sippula et al., 2013). 

The chemical and toxicological characterization of particulate matter 

requires a fairly large amount of sample (tens of milligrams). The benefit 

of the HVCI is its ability to collect a large amount of particulate matter 

within a short period of time with a sufficiently high flow rate. However, 

HVCI is not the most suitable apparatus for field combustion studies due 

to the requirements of a large dilution system and a large pump. 

1.2.3 Fragmentation and Bounce 

The agglomeration of iron and iron oxide nanoparticles depends on many 

issues, such as process temperature, residence time and the concentration 

of the particles in the reactor. The oxidation state of iron also seems to 

affect agglomeration. For example, magnetic iron has the tendency to form 

a long chain-like structure (Knipping et al., 2004; Roth, 2007). When 

aerosol synthesis methods are used, nanoparticles, such as iron oxides, are 

collected in powder form for later use. In the powder form, the particles 

agglomerate further, and the agglomerates stick to one another. For some 

applications, the collected nanopowder has to be dispersed for use. For 

instance, high-pressure dispersion (Teleki et al., 2008) can be used to 
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break-up the aggregates and agglomerates in the powder. However, 

dispersion is a complex phenomenon affected by many issues, such as the 

impaction and shear stresses arising from the turbulent flow. 

The behavior of the particles during impaction is complicated. When an 

agglomerated particle impacts on a surface, it may adhere to the surface 

or bounce from the surface depending on many parameters, such as the 

kinetic energy and the elastic and plastic properties of the particle. During 

impaction, agglomerated particles may fragment. This fragmentation, also 

called de-agglomeration, occurs when the impaction energy is sufficiently 

high (Dahneke, 1995; John, 1995).  

Fragmentation of nanoparticle agglomerates has received increasing 

attention during the past decade (Froeschke et al., 2003; Seipenbusch et al., 

2002; Seipenbusch et al., 2007). De-agglomeration of the particles affects 

the bouncing behavior of the particle. However, this effect is not yet fully 

understood. Ihalainen et al. (2012; 2014) studied the fragmentation and 

bounce of nanoparticle agglomerates. Studies have shown that in addition 

to the diameter of the primary particle and the degree of sintering, the 

fragmentation of the agglomerates affects the bounce probability of the 

agglomerates. The fragmentation is also influenced by the agglomerate 

properties. The degree of fragmentation decreases when the diameter of 

the primary particle decreases or the degree of sintering increases. 

1.3 AIMS OF THE STUDY 

The overall aim of this thesis was to develop a gas phase synthesis method 

for the production of tailored magnetic nanoparticles. This thesis focuses 

on the development of atmospheric pressure chemical vapor synthesis 

(APCVS) for the production of ultrafine nanoparticles with controlled 

oxidation. The resulting nanoparticles are thoroughly characterized. An 

additional aim was to develop a sampling method for aerosol particles.  

The specific goals of the study were as follows: 

i) The development and understanding of enhanced APCVS to achieve 

better production control. Production control ensures a small primary 

particle size, high product purity, lack of by-products, and high particle 
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quality. This method reduces production costs by using atmospheric 

pressure and a cheap carrier gas, such as N2, and by enabling continuous 

processing. The reactor construction and geometry were optimized to 

prevent wall losses and reactions. 

ii) Synthesis of highly pure, magnetic iron and iron oxide nanoparticles 

with controlled oxidation. 

iii) Studies of iron and iron oxide nanoparticle agglomerate impaction, 

bounce and de-agglomeration. 

iv) Development of a novel particle sampling system suitable for the field 

measurement of physico-chemical and toxicological properties ensuring 

representative aerosol sampling. 
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Abstract In the present study, iron oxide nanopar-

ticles (primary particle size of 80–90 nm) with

controlled oxidation state were prepared via an

atmospheric pressure chemical vapour synthesis (AP-

CVS) method. Iron pentacarbonyl [Fe(CO)5], a pre-

cursor material, was thermally decomposed to iron in

the APCVS reactor. Subsequently, the iron was

oxidized with controlled amount of oxygen in the

reactor to produce nearly pure magnetite or haematite

particles depending on the oxygen concentration. Size,

morphology and crystal structure of the synthesized

nanoparticles were studied with scanning mobility

particle sizer (SMPS), transmission electron micros-

copy (TEM) and X-ray diffraction (XRD). In addition,

thermodynamic equilibrium calculations and compu-

tational fluid dynamics model were used to predict the

oxidation state of the iron oxides and the reaction

conditions during mixing. Aggregates of crystalline

particles were formed, determined as magnetite at the

oxygen volumetric fraction of 0.1 % and haematite at

volumetric fraction of 0.5 %, according to the XRD.

The geometric mean electrical mobility diameter of

the aggregates increased from 110 to 155 nmwhen the

volumetric fraction of oxygen increased from 0.1 to

0.5 %, determined using the SMPS. The aggregates

were highly sintered based on TEM analyses. As a

conclusion, APCVS method can be used to produce

nearly pure crystalline magnetite or haematite nano-

particles with controlled oxidation in a continuous

one-stage gas-phase process.
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Nanoparticles � Chemical vapour synthesis �
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Abbreviation

a-Fe2O3 Haematite

c-Fe2O3 Maghemite

APCVS Atmospheric pressure chemical vapour
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Fe(CO)5 Iron pentacarbonyl
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Fe3O4 Magnetite

Lpm Litres per minute

SMPS Scanning mobility particle sizer

TEM Transmission electron microscopy

XRD X-ray diffraction

Introduction

Magnetic iron oxide nanoparticles are of great interest

for a number of applications including diagnose and

treatment of diseases (Fu and Ravindra 2012; Mah-

moudi et al. 2011; Qiao et al. 2009; Silva et al. 2011;

Thomas et al. 2013; Wahajuddin and Arora 2012;

Weinstein et al. 2010), magnetic inks for printing

(Eiroma et al. 2012; Voit et al. 2003), sensors,

recording materials, catalysts, pigments and ferrofl-

uids (Beydoun et al. 2000; Laurent et al. 2008; Lian

et al. 2004; Lu et al. 2007; Teja and Koh 2009). The

most interesting properties of the iron oxide nanopar-

ticles are the single-domain effects, large surface area,

high coercivity and remanence, and biocompatibility

(Gupta and Gupta 2005; Teja and Koh 2009). Main

iron oxides, used in the applications of the nanopar-

ticles, are haematite (a-Fe2O3), maghemite (c-Fe2O3)

and magnetite (Fe3O4). Haematite is weakly ferro-

magnetic or anti-ferromagnetic and stable at ambient

conditions whereas maghemite is ferromagnetic and

meta-stable (Teja and Koh 2009). Magnetite is

ferromagnetic and highly unstable, oxidizing easily

to other iron oxides in the presence of oxygen.

However, it is the most magnetic of all the naturally

occurring transition metal oxides (Teja and Koh

2009). Furthermore, at the room temperature, magne-

tite is superparamagnetic when particles are smaller

than 6 nm in their diameter (Teja and Koh 2009).

Iron oxide nanoparticles can be produced with wet-

phase or gas-phase methods. Wet-phase methods such

as co-precipitation (Wu and Gao 2012), hydrothermal

synthesis (Zhu et al. 2007), sol–gel reactions (delMonte

et al. 1997), microemulsion (Okoli et al. 2012a, b) and

sonolysis (Hassanjani-Roshan et al. 2011; Pinkas et al.

2008; Sodipo and Aziz 2013) are well known methods

for the synthesis of iron oxide nanoparticles. Highly

crystalline iron oxide nanoparticles are typically syn-

thesized from organometallic precursors, such as iron

pentacarbonyl, with wet-chemistry methods (Laurent

et al. 2008). However, large liquid volumes, strict

control over pHandmixing, and secondary steps such as

filtration and calcinations are typically needed in these

methods (Fotou et al. 2000). Therefore, gas-phase

methods are attractive alternatives since they provide a

continuous, one-stage process for the production of

metallic nanoparticles (Fotou et al. 2000; Gurav et al.

1993). The main gas-phase methods used for the

synthesis of iron oxide nanoparticles include flame

synthesis (Buyukhatipoglu and Morss Clyne 2010;

Kumfer et al. 2010; Strobel and Pratsinis 2009), laser

pyrolysis (Alexandrescu et al. 2011); chemical vapour

synthesis (Moisala et al. 2006), spark discharge (Roth

et al. 2004) and plasma synthesis (David et al. 2013;

Kim et al. 2012; Lei et al. 2012).However, the oxidation

state of iron is difficult to control in those methods, and

thus iron nanoparticles of different oxidation states are

typically obtained.

The oxidation state of the iron nanoparticles can be

controlled, for example, by adjusting the process

parameters like the amount of oxygen. When the

amount of oxygen is zero in the process, pure iron

nanoparticles can be obtained whereas high-oxygen

concentrations produce pure haematite, maghemite

particles or mixture of these two, depending on

temperature. In gas-phase processes, reduction of iron

at higher oxidation state (Mondal et al. 2004) is a

widely used method to obtain lower state oxides like

magnetite or wüstite (FeO). Carbon monoxide or

hydrogen is typically used as a reducing agent.

However, the yield of this kind of methods is relatively

low. Strobel and Pratsinis (2009) have presented one-

step flame synthesis method to produce iron oxide

nanoparticles with controlled oxidation state in gas-

phase. They have managed to produce phase-pure

magnetite and maghemite. In that method, the oxida-

tion states of the iron depended on the air-to-fuel ratio

and the valence state of the applied precursor.

However, phase-pure haematite or wüstite were not

prepared and the presence of the aromatics in the

precursor formed soot in the flame. Moreover, fine

iron powders have been synthesized with combustion

process in industrial scale since 1930s (Wildermuth

et al. 2000). Generally, these processes have utilized

iron pentacarbonal as a precursor, and various oxida-

tion states of iron were obtained.

In this article, we present an atmospheric pressure

chemical vapour synthesis (APCVS) method for the

preparation of iron nanoparticles with a controlled

oxidation state. The APCVS enables continuous

production of highly pure materials in one-stage. In
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this study, iron pentacarbonyl was used as a precursor

material. In the APCVS method, the nanoparticle

formation is based on thermal decomposition of the

precursor in the gas phase that leads to homogeneous

nucleation of decomposition products and subsequent

formation of the nanoparticles with narrow size

distribution (Miettinen et al. 2011). The oxidation

state of the iron is dependent on the oxygen concen-

tration in the reactor atmosphere. Thus, with strict

control of the oxygen concentration and sufficient

mixing conditions, either 99 % pure magnetite or

haematite can be obtained.

Experimental

Nanoparticle production

The iron oxide nanoparticles were produced via

APCVS method. A vertical laminar flow reactor used

in the studies is shown in Fig. 1. The experimental set-

up consisted of a precursor feed system, a furnace

equipped with an alumina tube, a porous tube diluter,

and aerosol sampling and analysis devices. Reactor

was gas-tight in atmospheric pressure and was flushed

with operating gas mixture, used in experiments, for

10 min before sampling. Iron pentacarbonyl

[Fe(CO)5, 99,99 %, Sigma-Aldrich] vapour was intro-

duced to the furnace by bubbling nitrogen (N2,

99.9 vol%, AGA), with flowrate of 0.2 lpm, as a

carrier gas through a reservoir of the liquid precursor

at 25 �C temperature. The precursor vapour was

mixed in a t-junction before the furnace inlet at a

temperature of 300 �C and with a gas flow of 1.7 lpm

consisting of nitrogen (N2, 99.9 vol%, AGA) and

controlled amount of oxygen (dry, filtered and particle

free air) varying from 0.1 to 0.5 vol%. The oxygen

concentration in the gas stream was calculated from a

mass flow controller data. The furnace temperature

was set to 1,200 �C, and the flow direction was

upward. In the furnace, the total flow of 1.9 lpm was

fully laminar with the Reynolds number of 120, and

the average residence time of aerosol in the heated

section was about 5.8 s. The aerosol exiting the heated

section of the reactor was rapidly diluted with a large

volume of N2 (99.9 vol%, AGA) at 22 �C with flow

rate of 70 lpm using the porous tube diluter. In

addition, a sample flow for a scanning mobility

particle sizer (SMPS, Model 3080, TSI Inc., USA)

was diluted with a combination of the porous tube

diluter (N2, 99.9 vol%, AGA, 5 lpm) and an ejector

diluter (N2, 99.9 vol%, AGA, 2.6 bar).

Instrumentation and particle characterization

The particle number size distributions were measured

directly from the gas phase with SMPS equipped with

a differential mobility analyser (TSI 3081) and a

condensation particle counter (TSI 3775). The size

distributions are averages of six measurements.

The particle samples for transmission electron

microscopy (TEM) were collected on holey carbon

copper grids (Agar Scientific Ltd., England) with an

aspiration sampler (Lyyränen et al. 2009). Field

emission TEM (JEOL JEM-2100F), operated at

200 kV acceleration voltage, was used for studying

the shape and structure of the nanoparticles. The

primary particle diameter was estimated from 10 to 15

high-magnification bright field images and calculated

as an average value of 60 single measurements.

The powder samples for the X-ray diffraction

(XRD) analyses were collected with a membrane filter

collector on PTFE substrates (Zefluor supported

PTFE, Pall Corp., USA). All particle samples were

stored in nitrogen atmosphere straight after collection.

The particle crystallinity and composition were ana-

lysed with XRD (Philips PANalytical X’Pert ProMPD

diffractometer with monochromatized CuKa radia-

tion). A fixed 0.25 degree divergence slit and a 10 mm

mask were used to collimate the incident x-ray beam.

At the diffracted beam path, a fixed 0.25� anti-scatter

Fig. 1 Atmospheric pressure chemical vapour synthesis set-up

for controlled oxidation of the iron nanoparticles
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slit and a 0.20 mm receiving slit were used prior to the

proportional counter. To reduce the fluorescence

effect, the energy window of the detector was adjusted

to start from 35 %. Because of the small amount of

sample, a piece of silicon wafer (100) was used as a

sample holder. The diffractograms were recorded

from 20� to 80� 2h with a counting step and time of

0.04� and 3 s, respectively. The obtained XRD data

were analysed with X’Pert HighScore and MAUD

programmes. The crystal structures of the studied iron

oxides were retrieved from the inorganic crystal

structure database (ICSD).

Thermodynamic and computational fluid

dynamics calculations

The oxidation of iron at different oxygen concentra-

tions at the given reactor conditions was calculated

using a thermodynamic equilibrium model. The

calculations were carried out using the FactSage 6.3

software (CRCT-ThermFact Inc. & GTT-Technolo-

gies), which identifies the most stable species in

multiphase systems by a method of Gibbs energy

minimization. Fe(CO)5, N2 and O2 were included as

input in the calculations. The mole concentration of

the Fe(CO)5 was obtained from the saturation vapour

pressure data (0.038 bar) at the 25 �C temperature

(Leadbetter and Spice 1959).The amounts of Fe(CO)5
and N2 were kept constant while the O2/Fe(CO)5
molar ratio varied from 0 to 6. The chemical equilib-

riums were calculated at the temperature of 300 and

1,200 �C.
Computational fluid dynamics (CFD) calculations

were used to model the breakup and mixing of

Fe(CO)5 in the reactor system. The calculations were

done with the ANSYS CFX 14.5 (Ansys Inc.) that uses

the 3-dimensional k–e turbulence solver that simulta-

neously solves equations for conservation of mass,

energy and momentum. The equations were discret-

ized with element-based finite volume method. Indi-

vidual species equations were solved for N2, Fe(CO)5
and its reaction products. Iron produced from the

reaction was simulated as an ideal gas with appropriate

properties of iron due to solver limitations. Multiphase

interactions and thermal radiative losses were

neglected due to low temperature gradients in the

gas inside the tubular furnace. Definitions of the k–e

model and details of the governing equations can be

found from Mathieu and Scott (2000). The decompo-

sition reaction kinetics was approximated by assuming

a single reaction for the whole decomposition process

(Lewis et al. 1984; Rumminger et al. 1999). The

decomposition model utilizes the Finite rate chemistry

law which uses the Arrhenius relation F = ATb

exp(-Ek/(RT)) and parameters used for the reaction

were A = 2 9 1015 mol s-1 cm-3, b = 0 and

Ek/R = 20131 K-1 (Rumminger et al. 1999). Simu-

lated boundary conditions were a carrier gas flow of

1.7 lpm consisting of N2 and a precursor flow of 0.2

lpm consisting of N2 and 0.5 vol% Fe(CO)5 vapour.

The tube walls (t-junction) and carrier gas flow were

set at a constant temperature of 300 �C while the

precursor flow was at 25 �C.

Results and discussion

Oxidation and mixing of iron in the reactor

Fe(CO)5 is a meta-stable organometallic compound

with a standard enthalpy of formation of only

-775 kJ/mol (Huber 2005). Thus, the decomposition

of the molecule is fast and takes place immediately

when it gets contact with heated section in the

t-junction of the reactor. The decomposition of

Fe(CO)5 happens via several intermediates and by-

products (Wen et al. 2007), leading to release of Fe

that will instantly undergo homogeneous nucleation

and particle formation due to the very low vapour

pressure of Fe. The only by-product in the overall

reaction is carbon monoxide which is released to the

gas phase upon decomposition. Nucleated iron parti-

cles, released carbon monoxide and remaining

Fe(CO)5 will react with added chemical compounds

like oxygen. However, this is a complex phenomena

where reactions (e.g. thermal decomposition and

oxidation) and nucleation compete with each other

(Pratsinis and Spicer 1998).

The oxidation state of iron oxide particles can be

controlled by processing atmosphere, i.e., oxidizing or

reducing environment (Mondal et al. 2004), and

carbon monoxide is known as a very efficient reduc-

tant for iron. Equilibrium reactions for iron, iron

oxides, carbon monoxide and oxygen can be expressed

by the equations:
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2CO gð Þ þ O2 gð Þ � 2CO2 gð Þ ð1Þ
Fe sð Þ þ O gð Þ � FeO sð Þ ð2Þ
3FeO sð Þ þ 1=2O2 gð Þ � Fe3O4 sð Þ ð3Þ
2Fe3O4 sð Þ þ 1=2O2 gð Þ � 3Fe2O3 sð Þ ð4Þ

The oxygen was introduced before the Fe(CO)5
entered the high-temperature zone of the reactor.

Figure 2a, b shows the formation of iron species at

different oxidation states based on the thermodynamic

equilibrium calculations at 300 and 1,200 �C. The
temperature has only a minor impact on the iron

oxidation state while it is very dependent on the

oxygen concentration in the reactor. At the tempera-

ture of 1,200 �C, elemental iron is formed at equilib-

rium when the O2/Fe molar ratio is less than 0.75. In

this case, the available oxygen will react with CO

forming CO2 via reaction (1). An O2/Fe molar ratio

between 1.25 and 2.5 leads to formation of wüstite via

reaction (2) and increased production of CO2. As the

oxygen concentration is increased to the level that the

O2/Fe molar ratio stays between 2.75 and 3.25, the

main product is magnetite via reaction (3). At higher

O2/Fe molar ratios only haematite is formed via

reaction (4). According to equilibrium, all CO is

reacted to CO2 with an O2/Fe molar ratio higher than

3.4. The results at 300 �C are similar to those obtained

at 1,200 �C, when elemental C (solid carbon) and

carbides are excluded from the possible products in the

thermodynamic equilibrium calculation. The calcula-

tion at 300 �C shows that O2/Fe molar ratio above

3.2 yields haematite and molar ratio between 1.6 and

3.2 yields magnetite (Fig. 2a). Moreover, O2/Fe molar

ratio below 1.6 estimates the presence of pure iron in

equilibrium. However, no wüstite is obtained at

300 �C. It must be noted that the presented calcula-

tions are only valid in equilibrium conditions and

generally they do not take into account imperfect

mixing and kinetic limitations in the reactions. How-

ever, according to the CFD simulations, the decom-

position of the Fe(CO)5 occured in the t-junction

upstream of the furnace, as can be seen in the mass

fraction data in the Fig. 3a, and overall residence time

of the gas flow in the furnace is long enough (5.8 s) to

achieve conditions near to the equilibrium. O2/Fe

molar ratios calculated using CFD simulations,

assuming full decomposition, are 1.71 (in case of

0.1 vol% oxygen content) and 8.5 (0.5 vol%). CFD

model results suggest that wüstite and haematite

would be the most likely products for the cases

simulated when compared to the thermodynamic

equilibrium calculation at 1,200 �C (Fig. 2b) and

magnetite and haematite when compared to the

thermodynamic equilibrium calculation at 300 �C.
Experimental results show that magnetite is obtained

with 0.1 vol% O2 concentration and haematite with

0.5 vol% O2 concentrations. These results differ in

case of 0.1 vol% oxygen concentrations from the

results of the CFD calculation at temperature of

1,200 �C. However, in Fig. 2b can be seen that

magnetite is obtained when molar ratio O2/Fe is

between 2.75 and 3.25. The limits of the magnetite and

wüstite are close of each other (Fig. 2b) and small

changes in experimental conditions, like the amount of

Fe(CO)5 in precursor gas after saturator, can change

the oxide state from wüstite to magnetite. Moreover,

modelling results agree well with the experimental

results at the temperature of 300 �C.
Figure 3b shows the temperature contour of the

t-junction where the mixing of the precursor vapour and

pre-heated oxidizing gas is occurring. The t-junction

was heated toa temperature of300 �C.However, the gas
temperature in the precursor inlet (inlet 1, Fig. 3b) is

high enough for the decomposition of the Fe(CO)5. The

high temperature in the inlet 1 is due to heat conduction

from the furnace toward the inlet section and causes

decomposition of the Fe(CO)5 before the gas enters the

furnace. Thus, the maximum mass fraction of free Fe

(red colour, Fig. 3a) is obtained rapidly in about 0.5 s

(Fig. 3c). The released iron is mixed efficiently before

entering the furnace as can be seen from the iron mass

fraction plotted in Fig. 3a.

Formation of iron oxide nanoparticles

Figure 4 shows a schematic description of particle

formation and oxidation in the APCVS. The parti-

cles were formed through homogeneous nucleation.

Released Fe will instantly undergo homogeneous

nucleation and particle formation due to the very

low vapour pressure of Fe. Based on modelling

results, decomposition of the Fe(CO)5 is fast, and

mixing of the nucleated iron particles and oxygen is

completed within 0.2 s. In this time scale, size of

the iron nanoparticles have not grown to very large

sizes and available oxygen will oxidize nanosized

iron (Wang et al. 2005). The growth continues by
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heterogeneous condensation, coagulation, sintering

and agglomeration. The growth of the particles was

quenched with rapid dilution at the exit of the

furnace.

To produce pure magnetite, as predicted by the

modelling above (Fig. 2), the correct oxygen volume

percent in the gas has to be identified. The preliminary

identification was done by observing the colour of the

Fig. 2 Mole fractions of O2, CO, CO2, Fe, FeO, Fe2O3 and Fe3O4 as the function of O2/Fe molar ratio in the reactor at the temperature

of a 300 �C and b 1,200 �C. The calculations were carried out with the FactSage 6.3 software using the equilibrium model

Fig. 3 a Iron mass fraction,

b temperature contour and

c time on streamline in the

reactor. The simulation was
done with the ANSYS CFX

14.5 software
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particle samples. The colour of the haematite is red or

brown; meanwhile, the colour of the magnetite is

black (Cornell and Schwertmann 2003). Based on the

colour of the particle sample, two particle samples out

of three, correspondent to oxygen levels of 0.1 (black)

and 0.5 (red) vol%, were chosen for the more detailed

analysis.

Figure 5 shows the number size distributions of the

aggregates obtained at the different oxygen concen-

trations measured with SMPS. The particle production

remained stable for tens of minutes during the

production. Unimodal size distributions were

obtained. The geometric number mean diameter of

the magnetite aggregates was 110 nm and of the

haematite aggregates 155 nm with geometric standard

deviation of 1.5 and 1.6, respectively. Total number

concentration was 2.4 9 108 cm-3 for magnetite and

5.0 9 108 cm-3 for haematite aggregates. The aggre-

gates’ size increased with the increasing oxygen

concentration in the atmosphere. However, the total

number of nanoparticles was about 110 %higher when

oxygen concentration was increased, as can be seen in

Fig. 5. The higher nanoparticle number concentration

may be due to the fact that a higher amount of oxygen

Fig. 4 Schematic description of particle formation and oxidation in the atmospheric pressure chemical vapour synthesis

Fig. 5 Number size distribution of the iron oxide nanoparticle

aggregates produced at 1,200 �C in 0.1 vol% (magnetite) and

0.5 vol% (haematite) oxygen atmosphere

Fig. 6 XRD patterns of the powders produced at 1,200 �C in

a 0.1 vol% (magnetite) and b 0.5 vol% (haematite) oxygen

atmosphere. In b indicate the peaks at 30� and 61� correspondent
to a trace amount of magnetite and wüstite, respectively
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leads to the formation of haematite which means that

there are more iron oxide molecules available for

nanoparticle formation when compared to magnetite.

Moreover, haematite has higher oxidation state than

magnetite and will grow less by sintering processes

than magnetite with lower oxidation state (Forsmo

et al. 2008). This results in smaller primary particle

size, larger aggregates and higher concentration for

haematite.

The results of the XRD analysis show that magne-

tite was obtained with the oxygen level of 0.1 vol%

and haematite with 0.5 vol% as shown in the Fig. 6.

Both iron oxides were in the crystalline form. Based

on the Rietveld refinement analysis, the amount of

haematite was 99 % in nanoparticles produced with

oxygen level of 0.5 vol%. However, small traces of

magnetite (diffraction peak at 30�) and wüstite (peak

at 61�) were detected. The crystallite size of the

haematite was 210 nm. The amount of magnetite in

nanoparticles produced with oxygen level of 0.1 vol%

was 99 %, and the crystallite size was 55 nm. The

formation of pure magnetite indicates that oxidizing

has happened inside the reactor. If iron oxide would be

formed outside the reactor, e.g. during analysis, then

resulting iron oxides should be haematite or a com-

bination of different iron oxides and not pure

magnetite.

TEM images of the haematite and magnetite

nanoparticles produced with oxygen concentrations

of 0.5 and 0.1 vol%, respectively, are shown in Fig. 7.

Both iron oxide nanoparticles are highly sintered and

the primary particles have grown to relatively large

sizes. A rough estimation of the primary particle size

was (80 ± 20) nm (average ± standard deviation)

and (90 ± 25) nm for the haematite and magnetite

nanoparticles, respectively, according to the TEM

Fig. 7 Haematite (a, c) and magnetite (b, d) nanoparticle aggregates imaged using transmission electron microscope. The light, round

areas at low magnification images (a, b) are holes in carbon substrate used in collection of the samples
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analysis. High-sintering state and large primary par-

ticle size are due to the relatively long-residence time

in the heated section of the furnace. However,

sufficiently long-residence time (5.8 s) and fast-cool-

ing rate lead to the formation of the crystalline

particles with morphologies shown in Fig. 7. Even

though the sintering between the primary particles is

relatively high, the aggregate still maintained a fractal

and open structure. If the residence time for the

sintering process would have been longer, then the

aggregate would have shrank and finally evolved to a

spherical particle (Eggersdorfer et al. 2012).

Conclusions

The APCVS enables the preparation of iron nano-

particles with controlled oxidation state in a one-

stage process. In the APCVS gas-phase process, used

in this study, no additional surfactants or solvents are

needed, opposite to the conventional liquid synthesis

route, enabling the preparation of ultrapure iron oxide

nanoparticles. Two iron oxides, magnetite and hae-

matite were synthesized using the process. Iron

pentacarbonyl was used as a precursor in the process

offering fast decomposition rate without disturbing

by-products. The only by-product is CO which

converts to CO2 with presence of oxygen. Further-

more, the formation of CO after decomposition of the

precursor leads to the reducing conditions, and Fe

does not oxidize before addition of O2. Fe formed by

decomposition of the precursor will rapidly undergo

homogeneous nucleation to form the primary iron

particles. The O2/Fe molar ratio in the reactor

atmosphere determines the oxidation state of the iron

nanoparticles that are haematite, magnetite, wüstite

and elemental iron in order from higher to lower

O2/Fe molar ratio. The thermodynamic equilibrium

calculations agree with experimental results which

showed that pure iron oxides can be obtained. Due to

the uniform temperature field and good mixing of the

gas, the resulting particles have uniform properties.

The geometric number mean diameters (SMPS) of

magnetite and haematite nanoparticle aggregates were

110 and 155 nm, while their average crystallite sizes

(XRD) were 55 and 210 nm, respectively. In addi-

tion, the primary particle sizes (TEM) were 80 and

90 nm for the haematite and magnetite nanoparticles,

respectively. Furthermore, APCVS offers an

alternative method for nanoparticle production and

surface modification and functionalization in one-

stage process. However, for prospect use in the

specific applications, such like drug delivery system,

the surface of the nanoparticles has to be enhanced.
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Lu A, Salabas E, Schüth F (2007) Magnetic nanoparticles:

synthesis, protection, functionalization, and application.

Angew Chem Int Ed 46:1222–1244

Lyyränen J, Backman U, Tapper U, Auvinen A, Jokiniemi J

(2009) A size selective nanoparticle collection device

based on diffusion and thermophoresis. J Phys 170:012011

Mahmoudi M, Sahraian MA, Shokrgozar MA, Laurent S (2011)
Superparamagnetic iron oxide nanoparticles: promises for

diagnosis and treatment of multiple sclerosis. ACS Chem

Neurosci 2:118–140
Mathieu J, Scott J (2000) An introduction to turbulent flow.

Cambridge University Press, Cambridge

Miettinen M, Johansson M, Suvanto S, Riikonen J, Tapper U,

Pakkanen T, Lehto V-, Jokiniemi J, Lähde A (2011)

Atmospheric pressure chemical vapour synthesis of sili-

con–carbon nanoceramics from hexamethyldisilane in high

temperature aerosol reactor. J Nanopart Res 13:4631–4645

Moisala A, Nasibulin A, Brown D, Jiang H, Khriachtchev L,
Kauppinen E (2006) Single-walled carbon nanotube syn-

thesis using ferrocene and iron pentacarbonyl in a laminar

flow reactor. Chem Eng Sci 61:4393–4402
Mondal K, Lorethova H, Hippo E, Wiltowski T, Lalvani SB

(2004) Reduction of iron oxide in carbon monoxide

atmosphere—reaction controlled kinetics. Fuel Process

Technol 86:33–47
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Abstract 

A novel porous tube reactor that combines simultaneous 
reactions and continuous dilution in a single-stage gas-
phase process was designed for nanoparticle synthesis. The 
design is based on the atmospheric pressure chemical vapor 
synthesis (APCVS) method. In comparison to the 
conventional hot wall chemical vapor synthesis reactor, the 
APCVS method offers an effective process for the synthesis 
of ultrafine metal particles with controlled oxidation. In this 
study, magnetic iron and maghemite were synthesized using 
iron pentacarbonyl as a precursor. Morphology, size and 
magnetic properties of the synthesized nanoparticles were 
determined. The X-ray diffraction results show that the 
porous tube reactor produced nearly pure iron or maghemite 
nanoparticles with crystallite sizes of 24 and 29 nm, 
respectively. According to the scanning mobility particle 
sizer data, the geometric number mean diameter was 110 
nm for iron and 150 nm for the maghemite agglomerates. 
The saturation magnetization value of iron was 150 emu/g 
and that of maghemite was 12 emu/g, measured with 
Superconducting Quantum Interference Device (SQUID) 
magnetometry. A computational fluid dynamics (CFD) 
simulation was used to model the temperature and flow 
fields and the decomposition of the precursor as well as the 
mixing of the precursor vapor and the reaction gas in the 
reactor. An in-house CFD model was used to predict the 
extent of nucleation, coagulation, sintering and 
agglomeration of the iron nanoparticles. CFD simulations 
predicted a primary particle size of 36 nm and an 
agglomerate size of 134 nm for the iron nanoparticles, 
which agreed well with the experimental data. 
 

Key words: novel porous tube reactor, chemical vapor 
synthesis, magnetic nanoparticles, iron, maghemite 
 
α-Fe2O3:hematite; γ-Fe2O3:maghemite; APCVS: 
atmospheric pressure chemical vapor synthesis method; 
CFD: Computational fluid dynamics; CVS: chemical 
vapor synthesis; FeO: wüstite; Fe(CO)5: Iron 
pentacarbonyl; Fe3O4: magnetite; lpm:liters per minute; 
PRD: porous tube diluter; PTR: porous tube reactor; 
SMPS: scanning mobility particle sizer; TEM: 
transmission electron microscopy; XRD: X-ray diffraction. 

Introduction 
Magnetic metal nanoparticles can be used in several 
applications, including recording materials, catalysts, 
magnetic inks, pigments, ferrofluids and magnetic 
separation in bioapplications (Huber, 2005; Voit et al., 
2003). For example, magnetic iron oxide nanoparticles have 
attracted considerable interest for biomedical applications 
(Laurent et al., 2008; Sun et al., 2014) due to their 
biocompatibility, lack of toxicity and superparamagnetism. 
Functionalized iron nanoparticles are also good candidates 
for the magnetic separation of various contaminants due to 
their high saturation magnetization and non-toxic 
properties. Regardless of well-established synthesis and 
surface modification techniques for iron oxide 
nanoparticles, more improvements in methods for the 
surface modification, such as specific bonding and strong 
protection of the surface, are needed (Sun et al., 2014). 
Aerosol processes are good alternatives for metal 
nanoparticle synthesis with surface modification. 
Aerosol processes for nanomaterial production are widely 
used, and many of the methods are well defined for 
nanomaterial synthesis (Buesser and Pratsinis, 2012; Gurav 
et al., 1993; Swihart, 2003), offering various advantages 
such as high purity, good controllability of the product, a 
continuous process and fast production rates (Kodas and 
Hampden-Smith, 1999; Kruis et al., 1998). These 
advantages have also  been utilized for the synthesis of the 
iron and iron oxides nanoparticles with aerosol methods 
including flame synthesis (Buyukhatipoglu and Morss 
Clyne, 2010; Kumfer et al., 2010; Strobel and Pratsinis, 
2009), laser pyrolysis (Alexandrescu et al., 2011), plasma 
synthesis (David et al., 2013; Kim et al., 2012; Lei et al., 
2012), spark discharge (Roth et al., 2004) and chemical 
vapour synthesis (Knipping et al., 2004; Moisala et al., 
2006; Ruusunen et al., 2014). 
A chemical vapor synthesis (CVS), as an aerosol process, 
has been used successfully to produce a wide range of the 
nanoparticles. The CVS method was reported by Chang et 
al. (1994) and was a modified version of the conventional 
gas condensation methods developed previously (Birringer 
et al., 1984; Granqvist and Buhrman, 1976). However, in 
the CVS, the precursor materials are heated rapidly, and the 
vapors undergo chemical reactions such as thermal 
decomposition inside the reactor, leading to supersaturated 
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vapor that will instantly undergo homogeneous nucleation 
and subsequent formation of particles (Swihart, 2003).  
The CVS has typically been used for the production of 
nanoparticles (e.g., iron and iron oxides) at low pressures, 
in the range of tens of millibars. Low pressure ensures the 
formation of small particles that are loosely agglomerated. 
For example, Choi et al. (2001) synthesized surface-
passivated iron nanoparticles and later iron nanoparticles 
with an iron oxide shell under low pressure conditions (Choi 
et al., 2002), whereas Lee at al. (2004) synthesized hollow 
β-Fe2O3 nanoparticles. However, low-pressure CVS is 
expensive and complicated to use. Therefore, an 
atmospheric chemical vapor synthesis (APCVS) was 
developed for the production of nanomaterials such as 
copper-silicon dioxide (Lähde et al., 2011), silicon-carbon 
nanoceramics (Miettinen et al., 2011) and iron oxide 
nanoparticles with a controlled oxidation state (Ruusunen et 
al., 2014). However, in previous studies (Lähde et al., 2011; 
Miettinen et al., 2011; Ruusunen et al., 2014), the use of 
atmospheric pressure has led to relatively large primary 
particle sizes, a high rate of agglomeration and the presence 
of thick sintering necks between primary particles. In the 
flow reactors used in the conventional APCVS deposition, 
reactions on walls as well as fouling can be a problem. 
To prevent coagulation, agglomeration and sintering, the 
particle concentration and temperature of the aerosols 
should remain as low as possible. Wu at al. (1987) used a 
five-zone aerosol reactor, keeping the initial reaction rate 
very low by controlling the temperature of the zones and 
thereby limiting the size and number concentration of the 
particles generated by nucleation. However, this approach 
will also decrease the production rate. To achieve the 
maximum production rate, the particle concentration can be 
controlled by dilution. Dilution is typically performed after 
the heated zone of the reactor and before the collection of 
the particles (Lyyränen et al., 2004), but dilution can also be 
used simultaneously with the particle formation.  
In this paper, a porous tube reactor (PTR) method based on 
an atmospheric pressure chemical vapor synthesis method 
was designed. The porous tube designs have been 
previously used, for example with flame spray pyrolysis, by 
Grass and Stark (2006) to ensure inert atmosphere of the 
synthesis. The PTR method combines simultaneous 
reactions, particle formation and continuous dilution in a 
single-stage gas-phase process for nanoparticle synthesis. 
Our aim was to achieve small a primary particle size with a 
good production rate, fast and complete mixing of the gases, 
homogeneous conditions over the reactor volume to ensure 
fast gas phase reactions, a narrow size distribution of the 
particles produced, reduced wall deposition and fouling and 
pure synthesis products in the correct phase. Morphology, 
size and magnetic properties of the synthesized 
nanoparticles were studied with a scanning mobility particle 
sizer (SMPS), transmission electron microscopy (TEM), X-
ray diffraction (XRD) and a magnetometer. In addition, 
computational fluid dynamics (CFD) was used to model 
temperature and flow fields, decomposition of the 
precursor, and the mixing of the precursor vapor and 
reaction gas. Moreover, in-house CFD was used to calculate 
nucleation, coagulation, sintering and agglomeration of the 
iron nanoparticles. In addition, a thermodynamic 
equilibrium model (FactSage 6.3, CRCT-ThermFact Inc. 
and GTT-Technologies) was used to calculate the chemical 
composition of the aerosol. The results show that PTR 

offers a novel way to synthesize iron or iron oxide 
nanoparticles with controlled oxidation and small primary 
particle size. 

Experimental 

Nanoparticle production 

The novel PTR setup based on the APCVS method is shown 
in Fig. 1. The PTR setup consisted of a precursor feed 
system, a feeding probe, the PTR, a porous tube diluter and 
aerosol sampling and analysis devices. The length of the 
PTR was 300 mm and inner diameter of the porous tube was 
22 mm with porosity size of 20 µm. The PTR and the porous 
tube diluter were identical. The inner diameter of the 
feeding probe was 4 mm and it was installed in the 
beginning of the PTR. The PTR, the porous tube diluter and 
the feeding probe were made of the 316L grade steel. Iron 
pentacarbonyl (Fe(CO)5, 99.99 %, Sigma-Aldrich) was 
used as a precursor. A carrier gas (nitrogen, N2, 99.9 %, 
AGA) with flow rate of 0.5 lpm was bubbled through a 
reservoir of the liquid precursor at 10 °C temperature. 
Precursor vapor was carried to the porous tube reactor 
through the feeding probe with a constant temperature of 25 
°C to avoid heat transfer from the reactor to the precursor 
before the reactor inlet. In the porous tube reactor, precursor 
vapor was mixed with a reaction gas. The hot gas, called 
from now on reaction gas, flow through to the porous wall 
material inside to the middle tube starting chemical 
reactions, decomposition and oxidizing, depending 
synthesis conditions. The reaction gas flow of 5 lpm 
consisting of nitrogen (N2, 99.9 %, AGA) and a controlled 
amount of air (dry, filtered and particle-free) to achieve an 
oxygen volume fraction of either 0 or 0.3 v%. The oxygen 
concentration was calculated based on the mixing ratio of 
the feedstock gases. The temperature of the porous tube 
reactor and the reaction gas was 600 °C, the highest 
temperature for porous reactor material. After the porous 
tube reactor, the porous tube diluter was used to quench the 
exiting aerosol with large volumes of N2 (99.9 %, AGA) at 
20 °C with a flowrate of 60 lpm. These process conditions 
were chosen based on our earlier studies with a 
conventional APCVS reactor (Ruusunen et al., 2014). 

Instrumentation and particle characterization 

A scanning mobility particle sizer (SMPS, Model 3080, 
TSI, Inc., USA) equipped with a differential mobility 
analyzer (Model 3081, TSI, Inc., USA) and a condensation 
particle counter (Model 3776, TSI, Inc., USA) was used to 
measure the particle number size distribution over the time 
period of the powder sampling. 
An aspiration sampler (Lyyränen et al., 2009) was used to 
collect the particle sample on holey carbon copper grids 
(Agar Scientific Ltd., England) for TEM analysis. Collected 
samples were analyzed using field emission TEM (JEOL 
JEM-2100F) with an acceleration voltage of 200 kV. The 
primary particle diameter was calculated as an average 
value of 120 single measurements from high-magnification 
bright field images. 
The powder samples for XRD and magnetic analysis were 
collected onto PTFE substrates (Zefluor supported by 
PTFE, Pall Corp., USA). Samples were stored and handled 
in a nitrogen atmosphere after collection. 
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The composition and crystallinity of the particles were 
analyzed with an X-ray diffractometer (XRD, Bruker AXS 
D8 Discover). A copper Kα source (40 kV, 40 mA) and a 
Lynx Eye 1D detector with a discrimination voltage range 
of 0.18–0.25 V were used. The diffraction was measured 
from 10 to 120° with a step size of 0.05°. The crystal 
structures were identified using the PDF-4+ 2012 
crystallography database. Quantitative analysis was 
performed through fitting of the diffractograms using the 
fundamental parameter approach and Topas 4.2 software 
(Bruker AXS). Well characterized TiO2 powder was used 
as the spiking compound in the quantitative analysis. 
Magnetic hysteresis curves were measured at room 
temperature using a Quantum Design Superconducting 
Quantum Interference Device (SQUID) magnetometer 
(MPMS-XL) with a 7 T superconducting magnet. 

Thermodynamic equilibrium and computational 
fluid dynamics calculations 

The thermodynamic equilibrium model calculations were 
performed using the FactSage 6.3 software (CRCT-
ThermFact Inc. and GTT-Technologies). The software uses 
the method of Gibbs free energy minimization to estimate 
chemical equilibrium in multi-component and multiphase 
systems. Calculations were performed to evaluate the stable 
phases of iron and iron oxides at different oxidation 
conditions at the 600 °C temperature. Similar calculations 
had previously been performed by Ruusunen et al. (2014) at 
temperatures of 300 and 1200 °C. The input species for the 
calculations were N2, O2 and Fe(CO)5, where the amount of 
Fe(CO)5 (0.018 bars at 10 °C) was calculated by Antoine’s 
equation, and the parameters for the equation were derived 
from NIST and are based on the data of Stull (1947). 
CFD calculations were performed with the ANSYS Fluent 
15.0 (Ansys Inc.). The calculations were used to model 
temperature, flow fields, and aerosol dynamics in the PTR, 
including particle formation by nucleation and growth by 
agglomeration. The reactor was modeled in 2D using the 
axis-symmetric ANSYS Fluent solver. The k-ε model 
(Mathieu and Scott, 2000) was used to model turbulence, 
and the second order upstream discretization scheme was 
used in the discretization of the flow equations. The laminar 
finite-rate model was used to solve the chemical kinetics for 
the decomposition reactions: Fe(CO)n → Fe(CO)n-1 + CO (n 
= 5,4,3,2,1). These decomposition reactions gave the initial 
amount of the Fe used to model the particle formation. The 
values for the parameters of the decomposition reactions are 
given in Table 1. Only decomposition in pure N2 
atmosphere was calculated as the decomposition reactions 
and rate constants in atmospheres containing oxygen are not 
well known. The laminar finite-rate model uses the 
Arrhenius expression to compute the forward rate constant 
kf for reaction r. 

RTE
rrf

rr eTAk /
,

�� �    (1) 
where Ar is a pre-exponential factor, T is the temperature, βr 
is the temperature exponent, Er is the activation energy of 
the reaction and R is the universal gas constant.  
In the aerosol dynamics model, particles are treated as if 
they were composed of two modes: a mode of freshly 
nucleated “bud” particles, and the main mode. The Fe 
molecule formed as a result of the decomposition process 
can be considered to be a stable particle (Jokiniemi et al., 
1994; Xiong and Pratsinis, 1991). In these simulations, the 

bud mode (particles of mass mbud) is defined to cover only 
monomers. The fraction of the bud intermodal particle 
collision product that remains in the bud mode χbud is set to 
zero. The quantities that we monitor are the total particle 
mass fraction Ytot and the bud mode mass fraction Ybud. 
Nucleation provides a source Snucl for both of these modes. 
For the bud mode, additional sinks due to collisions with the 
main mode particles are available and due to intermodal 
collisions. The main mode is additionally characterized by 
two quantities: number concentration N and primary 
particle number concentration Nprim. Strictly speaking, for 
terminology to cover intermediate stages of sintering, Nprim 
is the effective number concentration of “spherules”, of 
which aggregate particles are composed (see Rosner and 
Pyykönen, 2002). In terms of main mode area concentration 
A and volume concentration V = (Ytot – Ybud)ρ/ρp (where ρ is 
gas phase density and ρp is particle bulk density),  we have 
 

   (2) 
 
The use of Nprim as a characteristic quantity allows 
convenient compatibility of the two number-concentration-
based convective-diffusion equations. The number 
concentration equation has a sink term due to particle 
collisions, while the primary particle concentration equation 
has a sink term due to sintering. The volume mean primary 
particle diameter is calculated using volume concentration 
V and number concentration of the primary particles Nprim: 

   (3) 

 
At temperatures of immediate coalescence, the two 
quantities follow one another. A short sintering time scale 
τs makes the driving force of the difference between the area 
concentration A and the minimum possible area 
concentration N·asph (Koch and Friedlander, 1990) so large 
that spherical particles form rapidly. In the calculation of 
the coagulation coefficients βbud and β, the main mode is 
assumed to have a self-preserving size distribution. The 
coagulation coefficient β is calculated as a mean for the 
distribution with nbin number of bins as 

   (4) 

where Ni(j) is the number concentration of the particles in 
bin i(j) and βi,j is the coagulation coefficient between the 
particles of i and j bins. Coagulation coefficient βi,j is 
adapted from Tang and Lin (2011). The fractal dimension 
is estimated based on area and area concentrations as in 
Rosner and Pyykönen (2002). Mathematical formulations 
for the total particle mass fraction Ytot, the bud mode mass 
fraction Ybud, the number concentration N and the primary 
particle number concentration Nprim in the aerosol dynamic 
model can be written as the following equations. 
 

  (5) 

  (6) 

 (7) 
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,   (8) 
 
where ρ is the gas phase density,  is the fluid velocity,  
is the bud mode number concentration, is the bud-bud 
coagulation coefficient, and is the diffusion flux for the 
total particle mass fraction ( ), the bud mode mass 
fraction ( ), the number concentration ( ) and the 
primary particle number concentration ( ). 
For coalescence of the two solid particles, there are several 
mechanisms, including surface diffusion, grain boundary 
diffusion, evaporation-condensation, and lattice diffusion 
(Arcidiacono et al., 2004). In this study, surface diffusion is 
assumed to be dominant for iron (Knight et al., 2000; 
Mikami et al., 1996) and the sintering time is then defined 
as (Arcidiacono et al., 2004): 
 

    (9) 
 

where rprim is the radius of the primary particle, R is the 
universal gas constant, T is temperature, w is width of the 
surface layer, D is surface diffusion, σ is free surface energy 
and Ω is molar volume. Surface diffusion can be presented 
as D = D0exp(-Ea, particle/(RT)) where D0 is a pre-exponential 
constant, and Ea, particle is activation energy. For iron, the 
values are 2.4 m2/s and 2.42 x 105 J/mol, respectively 
(Matsumura, 1971). Activation energy is shown to be 
proportional to the melting temperature of the particle and 
for nanosize particles, the melting temperature is observed 
to depend on particle size (Giesen et al., 2004; Tsantilis et 
al., 2001). Activation energy can hence be written as: 

,  (10) 

where Ea, bulk is the activation energy of the bulk size 
material, Tmelting, particle is the melting temperature of the 
particle, Tmelting, bulk is the melting temperature of the bulk 
size material, dmin is the particle size where the particle 
coalesced immediately and dprim is the diameter of the 
primary particle. The immediately coalescing particle size 
dmin is set to 1 nm (Giesen et al., 2004; Tsantilis et al., 2001). 
Fractal concepts provide models to represent agglomerate 
particles. The collision diameter dcoll of a particle can be 
calculated based on the gyration diameter dgyr defined as 

   (11) 

with the equation 

 ,  (12) 

 
where dprim is the primary particle size, and nprim is the 
number of primary particles per agglomerate. The fractal 
nature of the particles is characterized by two quantities: the 
prefactor kg and the fractal dimension Df. As a starting 
point, these quantities are determined from the following 
semi-empirical correlations (Rosner and Pyykönen, 2002): 
 

  (13) 

  (14) 
 
The quantity ξ is the non-dimensional extra surface area. 
The area (a) of a sphere is the minimum surface area amin. 

   (15) 
Other estimates or measured fractal characteristics of the 
particles may be used instead of these correlations. 
 

Results and discussion 
Porous tube reactor 
A schematic of the particle formation processes in the PTR 
is shown in Fig. 2. Decomposition of the Fe(CO)5 is fast, 
and elemental iron is released at the very beginning of the 
PTR. Due to the very low vapor pressure, the released Fe 
will undergo homogeneous nucleation and new particle 
formation and growth. Available oxygen will result in 
oxidation of the iron. Figure 3 shows the mole fractions of 
O2, CO, CO2, Fe, FeO, Fe2O3 and Fe3O4 at the temperature 
of 600 °C identified with the thermodynamic equilibrium 
model. Based on the results phase, pure elemental iron, 
wüstite, magnetite or hematite can be obtained in 
equilibrium at 600 °C depending on the O2/Fe molar ratio 
in the PTR. However, according to the calculations and the 
earlier study (Ruusunen et al., 2014), the temperature has 
only a minor effect on the formation of iron and other iron 
oxides except wüstite. 
Figure 4 shows the reaction conditions in the PTR according 
to the CFD model. CFD model (k- ε model) used in the 
calculations was validated by comparing modelled 
temperatures to the measured temperatures at the centerline. 
The results showed relatively good correlation for k- ε 
model (data not shown). Validation was done in slightly 
lower temperature, at 430 ºC, than in the experiments 
reported in this manuscript. The temperature of the aerosol 
in the reactor is shown in Fig. 4a. Reaction gas was mixed 
with precursor vapor in the reactor inlet through a porous 
material. Mixing is fast and the maximum temperature of 
525 °C is reached at the middle line of the reactor, 150 mm 
downstream of the PTR. After the highest value is reached, 
the temperature has a very uniform distribution over the 
volume. In the dilution section (Fig. 1), aerosol is diluted 
and cooled down rapidly using the porous tube diluter. 
Temperature has decreased to 75 °C in the exit of the porous 
tube diluter. Temperature of 60 °C was measured ca. 10 cm 
after the end of the porous tube diluter (centerline). This is 
in line with the model prediction. 
Residence time, based on simulated streamlines, in the PTR 
varies from 0.68 s to 0.82 s. This amount of time is 
sufficient for precursor decomposition in a pure N2 
atmosphere, because decomposition of Fe(CO)5 is fast, as 
seen in Fig. 5. The first step of the decomposing process 
from Fe(CO)5 to Fe(CO)4 begins immediately when 
precursor vapor is touched with warmer reaction gas, and 
the mixture of the gases reaches a temperature of 36 °C. 
This action occurs after a 5-mm distance from the beginning 
of the inlet in the PTR in the region where the mixing of the 
precursor vapor and the reaction gas occurs. Moreover, the 
decomposition rate of the Fe(CO)5 increases as the 
temperature of the mixed gases increases, and 50 % of the 
Fe(CO)5 has been decomposed within the first 10-mm 
distance at the middle line. At this point, the temperature 
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has increased to 143 °C (Fig. 4a). Decomposition continues 
by splitting one CO from the molecule ending to release 
elemental Fe. The decomposition process is completed after 
a 30 mm distance (Fig. 5) from the beginning of the inlet in 
the PTR.  

Formation of iron and maghemite particles in the 
PTR 

TEM images of the iron that is produced are shown in Fig 
6a, b and c. Based on TEM analysis, the average primary 
particle size of the cubic iron particles was 16 nm ± 6 nm. 
According to the CFD calculations, formation of the 
primary iron particles starts after the rapid thermal 
decomposition of iron pentacarbonyl that leads to the high 
supersaturation of Fe and due to the very low vapor 
pressure, subsequent homogeneous nucleation and rapid 
formation of small (<10 nm) primary particles at the very 
beginning of the heated zone of the reactor (Fig. 4b). The 
size of the primary particles continues its growth via 
coagulation. The sintering time is shown in Fig. 4e. The 
fastest sintering occurs in the very beginning of the porous 
tube reactor, shown as a blue color, because of the fast 
temperature rise in the PTR. In this region, sintering time is 
0.1 seconds, and the primary particles grow from 1 nm to 
10 nm (Fig. 4b and 4e). After that, the sintering time 
increases which is mainly due to the increase in the primary 
particle size. According to the calculations, the largest 
primary iron particle size of 36 nm is reached before the 
reaction is quenched in the porous tube diluter (PRD). This 
is slightly larger value than obtained from the TEM 
analysis. The simulations are sensitive to even small 
variations in the boundary conditions (e.g. precursor 
feeding rate, temperature profile) which can explain the 
observed differences. 
As a consequence of the increasing sintering time, the 
collision rate becomes faster than the sintering rate, 
resulting in the growth of the agglomerates. The primary 
iron particles were agglomerated as long branched chains 
(Fig. 6a) and sintered (Fig. 6c). The agglomeration was 
observed to be affected by the ferromagnetic behavior of the 
primary nanoparticles, as seen in Fig. 6a. This type of chain-
like self-organized structure has also been reported 
previously as the consequence of the ferromagnetic 
properties of iron (Knipping et al., 2004; Roth, 2007). 
Figure 7 shows the number size distributions of iron and 
iron oxide agglomerates measured with SMPS. The 
geometric number mean diameter was 110 nm for iron 
agglomerates with a geometric standard deviation of 2.2. 
The total number concentration was 1.3 x 108 cm-3 for iron 
agglomerates. Based on the CFD calculations, the 
agglomerate volume equivalent diameter reaches the 
maximum of 134 nm (as seen in Fig. 4c). The simulated and 
the measured diameters are not easy to compare as they 
represent two different diameter definitions, however, the 
comparison presented here gives us an rough indication that 
the simulation is in accordance with the observed results 
and can explain the particle formation in the PTR. The 
agglomerate number concentration of iron particles 
decreases from 1 x 1012 cm-3 to 1 x 108 cm-3 in the PTR due 
to the agglomeration and partly due to the dilution, as seen 
in Fig 4d. In the PRD, the concentration decrease from 1 x 
108 cm-3 to 1 x 107 cm-3 is due mainly to dilution. 
Figure 6 (d, e) shows the agglomerates of maghemite 
nanoparticles with the average hexagonal primary particle 

size of 4 nm ± 1 nm, based on TEM analysis. The addition 
of oxygen to the reaction is likely to change the reaction 
conditions, altering the particle properties such as size. The 
agglomerate size of maghemite was approximately 150 nm, 
the geometric standard deviation was 1.8, and the total 
number concentration was 4.7 x 108 cm-3. Part of the iron 
agglomerates have a relatively long chain-like structure, as 
seen in Fig. 6a, while maghemite agglomerates have more 
fractal-like structures (Fig. 6d). The concentration 
differences between iron and maghemite agglomerates can 
be attributed the fact that maghemite with higher oxidation 
state than iron grow less by sintering processes (Forsmo et 
al., 2008) resulting smaller primary particle size, larger 
agglomerates and higher concentration for maghemite 
(Ruusunen et al., 2014). It is also possible that the 
measurements done with the SMPS may be influenced to 
the biases due to long iron nanowires (Kim et al., 2007; 
Moisala et al., 2005) seen in the TEM-graphs (Fig. 6). 
Moreover, a standard pre-impactor was used in the SMPS 
cutting off the long nanowires and that way reducing 
concentration of iron nanoparticles. 
Based on the appearance of the agglomerates and the size 
of the primary particles (Fig. 6d and e), the oxidation of Fe, 
early in the reaction, is suggested to affect the material 
properties and thereby, the sintering behavior of the primary 
maghemite particles. The coalescence between the small 
primary particles leads to the formation of larger units and 
partial sintering, but the primary particle coalescence is not 
complete before quenching Fig. 6e. The agglomeration then 
continues between the larger units of sintered nanoparticles, 
to the final size of the agglomerates. No self-organizing 
behavior of maghemite nanoparticles was observed, likely 
because the small grain size produced non-uniform 
orientations of possible single magnetic domains and a 
lower saturation magnetism of maghemite compared to 
elemental iron. 

Crystallinity and magnetic properties of the 
particles 

The results of the XRD analysis are shown in Fig. 8. 
Maghemite was obtained with an oxygen concentration of 
0.3 vol% in an N2 atmosphere and elemental iron with 0 
vol%. According to Rietveld refinement analysis, 97 % of 
the nanoparticles produced in 0.3 vol% of oxygen were 
maghemite and only 3 % were pure iron. The crystallite size 
of the maghemite was 29 nm. Synthesized iron that was 
produced in 0 vol% of oxygen was pure iron, according to 
the Rietveld refinement analysis. The crystallite size of the 
iron was 24 nm. 
The crystalline sizes of the particles obtained with XRD is 
considerably bigger than the size obtained from the TEM 
images. This difference is even more pronounced in the case 
of the maghemite. The discrepancy of the sizes is likely to 
arise from the differences in the analysis and the collection 
methods.  
The XRD can be considered as a bulk analysis of the 
powder. In the analysis, the signal of large crystals, even if 
they were very few, will overrun the signal of the small 
particles. In addition, XRD cannot observe the signal of the 
amorphous material which may include also the particles 
with very small primary size (so called XRD amorphous 
particles) (Bates et al., 2006). On the other hand, TEM 
analysis will always concentrate on the much smaller 
number of particles. In addition, the collection methods may 
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further explain the observed differences in the sizes. For the 
XRD analysis, the particles are collected on the filter before 
the analysis. The collection time is typically several minutes 
while the TEM samples are collected directly from the gas 
phase and the collection time is only few seconds with the 
aspiration TEM sampler. 
Magnetization curves of the iron and maghemite 
nanoparticles are shown in Fig. 9. The measured saturation 
magnetization of the iron nanoparticles is 150 emu/g, which 
is somewhat lower than the saturation magnetization of pure 
iron bulk samples (217.6 emu/g (Crangle and Goodman, 
1971)). The shape of the hysteresis curve of the iron 
nanoparticles reveals two distinct contributions: abrupt 
switching at a small magnetic field and more gradual 
magnetization reversal at a high magnetic field. This 
behavior is most likely explained by the size distribution of 
the iron nanoparticles (see Fig. 7) and concurrent changes 
in the magnetic switching process. Fast crystallization and 
domain wall motion are possible only in large particles, 
whereas more gradual coherent magnetization rotation 
occurs in small particles. The measured saturation 
magnetization of the maghemite nanoparticles was 12 
emu/g. Maghemite is known as a ferrimagnetic material 
with a small net moment, and our results are in line with this 
fact. The saturation magnetization of our maghemite 
nanoparticles is of the same order of magnitude as values 
obtained previously (Layek et al., 2010). 

Conclusions 
A novel PTR that combines simultaneous reactions and 
continuous dilution in a single-stage gas-phase process was 
designed for nanoparticle synthesis. The design is based on 
an APCVS method and, compared to the conventional hot 
wall CVS reactor, offers an effective process for the 
synthesis of ultrafine metal particles with controlled 
oxidation, small primary particle size and relatively high 
production rate. The geometric number mean diameter of 
the agglomerates, measured with SMPS, was 150 nm for the 
maghemite and 110 nm for iron with a geometric standard 
deviation of 1.8 and 2.2, respectively. The saturation 
magnetization of the iron nanoparticles was 150 emu/g and 
for the maghemite, 12 emu/g. The thermal decomposition 
and subsequent formation of iron nanoparticles was 
simulated with CFD calculations. A rapid decomposition of 
the precursor (Fe(CO)5) was predicted. The predicted 
results are in good agreement with the experimental data. 
The agglomerate size of the iron was 134 nm according to 
simulations, while the experimental results showed a size of 
110 nm. Simulations show a 36 nm size for primary 
particles of iron consistent with the size observed from 
TEM graphs. Observations show that the use of the PTR can 
overcome the problems with conventional hot wall reactors 
used in CVS as the PTR prevents wall contaminations and 
fouling, facilitates rapid mixing and precursor 
decomposition and homogeneous temperature profiles. In 
conclusion, results show that the PTR offers an alternative 
way to synthesize oxidation-controlled iron or iron oxide 
nanoparticles with small primary particle size. Elemental 
iron nanoparticles coated with, e.g., a thin carbon layer are 
good candidates for applications where highly magnetic 
particles are needed such as water purification. Maghemite 
nanoparticles with a small primary particle size and 
superparamagnetic behavior are needed in biomedical 
applications. 
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Figures 

 
Fig. 1. A schematic of the reactor setup consisting of a precursor feed system (precursor gas and saturator), a feeding probe, a 
novel porous tube reactor, a porous tube diluter and aerosol sampling (filter, ejector diluter, TEM (aspiration sampler) and 
SMPS) 
 

 
Fig. 2. A schematic of the particle formation processes in the PTR 
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Fig. 3. Mole fractions of O2, CO, CO2, Fe, FeO, Fe2O3 and Fe3O4 as a function of the O2/Fe molar ratio in the porous tube 
reactor at a temperature of 600°C. The calculations were performed with the FactSage 6.3 software using the equilibrium 
model 
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Fig. 4. a) Temperature of the aerosol and b) primary particle diameter, c) agglomerate diameter, d) agglomerate number 
concentration and e) sintering time of the iron nanoparticles in the porous tube reactor. The simulation was performed with the 
ANSYS Fluent 15.0 software. 
 
 

 
Fig. 5. Evaluation of the mass fractions of the a) Fe(CO)5, b) Fe(CO)4, c) Fe(CO)3, d) Fe(CO)2, e) FeCO and f) Fe species at 
the decomposition of Fe(CO)5 that proceeds in the porous tube reactor. Black lines in a) present the time interval of 0.05 s. The 
simulation was performed with the ANSYS Fluent 15.0 software. 
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Fig. 6. TEM images of iron (a, b, and c) and maghemite nanoparticle agglomerates (d, e). The inset in (e) shows a close-up 
view of sintering between primary particles of maghemite. 
 
 
 
 

  
Fig. 7. The number size distribution of the maghemite and iron agglomerates measured with SMPS 
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Fig. 8. XRD patterns of the synthesized a) maghemite and b) iron nanoparticles produced in a 0.3 vol% and 0 vol% oxygen 
atmosphere, respectively. In a), peaks from the presence of TiO2 that was used as the spiking compound in the quantitative 
analysis are visible. In addition, in a), a small amount of iron was detected. 
 
 
 
 

 
Fig. 9. Room temperature magnetization curves of (a) iron and (b) maghemite nanoparticle agglomerates 
 
 
Table 1. Chemical kinetic mechanism for gaseous iron species 

 Reaction Ar 
[kmol/(m3 s)] 

βr Ea  
[J/(kmol)] 

Reference 

1 Fe(CO)5 → Fe(CO)4 + CO 2E+18 0 1.674E+8 (Lewis et al., 1984; 
Rumminger et al., 1999) 

2 Fe(CO)4 → Fe(CO)3 + CO 3E+18 0 2.092E+7 (Engelking and 
Lineberger, 1979; 
Rumminger et al., 1999) 

3 Fe(CO)3 → Fe(CO)2 + CO 3E+18 0 1.339E+8 (Engelking and 
Lineberger, 1979; 
Rumminger et al., 1999) 

4 Fe(CO)2 → Fe(CO) + CO 3E+18 0 9.623E+7 (Engelking and 
Lineberger, 1979; 
Rumminger et al., 1999) 

5 Fe(CO) → Fe + CO 6E+17 0 8.578E+7 (Rumminger et al., 1999) 
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Abstract Several studies have shown that combustion-
derived fine particles cause adverse health effects. Previous
toxicological studies on combustion-derived fine particles
have rarely involved multiple endpoints and a detailed
characterization of chemical composition. In this study, we
developed a novel particle sampling system for toxicolog-
ical and chemical characterization (PSTC), consisting of the
Dekati Gravimetric Impactor (DGI) and a porous tube
diluter. Physico-chemical and toxicological properties of
the particles emitted from various combustion sources were
evaluated in two measurement campaigns. First, the DGI
was compared with the High-Volume Cascade Impactor
(HVCI) and to the Dekati Low-Pressure Impactor (DLPI),
using the same dilution system and the same sampling

conditions. Only small differences were observed in the
mass size distributions, total particulate matter (PM), and
particulate matter with diameter smaller than 1 um (PM1)
concentrations and geometric mass mean diameters
(GMMD) between these three impactors. Second, the PSTC
was compared with the HVCI sampling system, which has
been optimal for collection of particulate samples for
toxicological and chemical analyses. Differences were
observed in the mass size distributions, total PM and PM1

emissions, and GMMDs, probably due to the different
sampling and dilution methods as well as different
sampling substrates which affected the behavior of semi-
volatile and volatile organic compounds. However, no
significant differences were detected in the in vitro
measurements of cytotoxicity between the samples collect-
ed with the PSTC and the HVCI systems. In measurements
of genotoxicity, significant differences between the two
sampling systems were seen only with the particles emitted
from the sauna stove. In conclusion, due to compact size,
PSTC is an applicable method for use in particle sampling
as part of the toxicological and chemical characterization of
particulate emissions from different combustion sources. It
offers some advantages compared to the previously used
high-volume sampling methods including compactness for
field measurements, simple preparation of sample sub-
strates and high extraction efficiency.

Keywords Aerosols/particulates . Sampling . Physico-
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Da Aerodynamic diameter
DE Non-road diesel engine
DGI Dekati Gravimetric Impactor
DLPI Dekati Low-Pressure Impactor
DMSO Dimethylsulfoxide
DNA Deoxyribonucleic acid
ELISA Enzyme-linked immunosorbent assay
GC-MS-
SIM

Gas chromatograph–mass spectrometer–sin-
gle ion monitoring

GMMD Geometric mass mean diameter
HVCI High-Volume Cascade Impactor
ICP-MS Inductively coupled plasma mass spectrometer
LMA Low-melting agarose
lpm Liters per minute
MIP-2 Macrophage inflammatory protein 2
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide
NMA Normal-melting agarose
OTM Olive tail moment
PAH Polycyclic aromatic hydrocarbon
PB Modern small-scale pellet boiler
PBS Phosphate buffered saline
PI Propidium iodide
PM Particulate matter
PM1 Particulate matter, diameter <1 μm
PRD Porous tube diluter
PSTC Novel particle sampling system for toxico-

logical and chemical characterization
PTFE Polytetrafluoroethylene
PUF Polyurethane foam
RAW264.7 Mouse monocyte macrophage cell line
SDS Sodium dodecyl sulfate
SEM Standard error
SS Sauna stove
TNF-α Tumor necrosis factor α
WHO-
IPCS

World Health Organization: International
Programme on Chemical Safety

Introduction

Combustion processes emit large quantities of fine par-
ticles, which are thought to be one of the most important
health concerns worldwide [1]. Traffic and residential wood
combustion have been identified as major local sources of
these harmful particles. Exposure to diesel exhaust has been
linked to a wide spectrum of adverse health effects, both
morbidity and mortality [2]. Moreover, increased asthmatic
attacks and other respiratory symptoms as well as hospital
admissions of cardiorespiratory patients have been reported
in residential areas where biomass combustion has been
identified as a major source of ambient air pollution [3–8].

Exposure of different cell types to wood combustion
particles in toxicological studies has evoked induction of
inflammation, oxidative stress, genotoxicity, and cytotox-
icity [9–12]. Similar effects have also been detected after
exposure to diesel exhaust particles [13–16]. However,
there is still limited toxicological data on the specific
sources of fine particle emissions and very rarely have the
effects been linked to a detailed chemical characterization
of these particles.

A comprehensive toxicological and chemical character-
ization of the emission particles needs a relatively large
amount of sample mass (tens of milligrams). Thus, the
samples have been previously collected with large equip-
ment working at sufficiently high flow rates. One of the
samplers used in previous studies [16, 17] is a modified
High-Volume Cascade Impactor (HVCI; described by
Sillanpää et al. [18]), which was originally developed in
the Harvard School of Public Health [19] to collect size-
segregated particle samples for toxicological and physico-
chemical characterization. The benefit of the HVCI is its
ability to collect relatively large amounts of particle mass
within a short time. However, in field combustion studies,
sampling with the HVCI would be difficult because it
requires a large dilution system as well as a large pump to
reach the targeted flow volume (850 lpm).

A Dekati Gravimetric Impactor (DGI, Dekati Ltd.,
Tampere, Finland) was developed for collecting size-
segregated particle samples from engine exhaust with a
moderate flow volume (70 lpm). It is much smaller than the
HVCI in size and is therefore a potential candidate for
relatively high-volume collection of particulate samples for
chemical and toxicological analyses in field studies.
However, this sampling system also needs a compact
dilution system. A porous tube diluter (PRD) can achieve
good dilution properties, such as quenching, and it has a
practical physical size [20]. Thus, the combination of the
DGI and the PRD was selected as the candidate sampling
system to be used in this study.

The aim of the present study was to validate the new
compact system for sampling of emission particles from
combustion processes for chemical and toxicological
analyses. Novel particle sampling system for toxicological
and chemical characterization (PSTC) consisting of a
Dekati Cyclone (cyclone, Dekati Ltd., Tampere, Finland),
the DGI, the PRD, and the flow control was compared with
the HVCI. The possible different effects of the sampling
systems on the toxicological properties of the collected
wood combustion particles were evaluated by exposing
mouse macrophages (RAW264.7), which are the first cells
encountering inhaled particles in lungs and participating the
host defense mechanisms against pathogens. Thereafter cell
death and the production of inflammatory mediators
(TNF-α and MIP-2) as well as genotoxicity were
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measured. The results were complemented by measuring
genotoxic effects also from the human bronchial
epithelial cell line (BEAS-2B).

The focus was on the toxicological responses induced by
PM1 since most of the combustion-derived particles appear
in that size range [21]. In addition, a Dekati Low-Pressure
Impactor (DLPI, Dekati Ltd., Tampere, Finland) was used
to obtain a more detailed particle mass size distribution
which was subsequently compared with the results attained
with the PSTC. Extensive chemical analyses including
measurements of elements, inorganic ions, and polycyclic
aromatic hydrocarbons (PAHs) were conducted from wood
combustion-derived PM1 samples.

Methods

Sampling campaigns

The study consisted of two different measurement cam-
paigns. In the first campaign, the DGI was compared with
two other impactors (DLPI and HCVI) within the same
sampling and dilution system. A schematic presentation of
the experimental set-up is shown in Fig. 1. In the second
campaign (Fig. 2), the PSTC consisting of the DGI, the
PRD, and a cyclone was compared with the HVCI and
DLPI. The particulate samples for the experiments were
generated by four different combustion sources including a
non-road diesel engine, a modern small-scale pellet boiler, a
conventional masonry heater, and a sauna stove. The
toxicological and chemical characterization were conducted
in the second campaign for the PM1 collected from the
three various forms of wood combustion (pellet boiler,
conventional masonry heater, and sauna stove) using the

HVCI and the PSTC. With DLPI, it was not possible to
collect enough PM mass for toxicological characterization.

Combustion facilities, procedures, and fuels

The non-road diesel engine, used in the experiments, was
an EPA Tier 1/EU Stage 2 water cooled diesel engine
(Kubota D1105-T). It was used in combination with a
30 kW Froude Consine Eddy Current Dynamometer system
with Intermediate Speed 75% load (ISO 8178-4:1996(E)
(C1)) and operated with low sulfur European standard
EN590 diesel fuel. The measurement times and the more
detailed procedures are shown in Table 1.

The studied pellet boiler was a modern commercially
available fixed-grate pellet boiler with a top-feed fuel
supply and nominal output of 25 kW (Biotech PZ-RL). Its
combustion air supply is automated and divided into
primary and secondary air. The amount of combustion air
supply is adjusted by a Lambda sensor. The pellet fuel was
a commercially available and widely used wood pellet in
Finland and other European countries. The primary raw
material of the pellet was pine and spruce stem. The pellet
boiler was operated with a nominal load.

The conventional masonry heater was a commercially
available soapstone masonry heater. The heater has been
described in greater detail by Tissari et al. [22]. The masonry
heater was operated according to “a good operational practice”
as described by Tissari et al. [22]. Three batches of birch wood
logs were burned in the each experiment (combustion cycle,
Table 1). Moisture content of the wood logs was 11%.

The sauna stove used in this study was a commercially
available typical batch operated combustion appliance in a
Finnish sauna. The operating practice was similar with the
conventional masonry heater and the batch sizes were 1.75

Fig. 1 The experimental set-up
used in the first sampling cam-
paign. DGI Dekati Gravimetric
Impactor, DLPI Dekati Low-
Pressure Impactor, HVCI High-
Volume Cascade Impactor, P
pressure sensor
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(along with 0.20 kg ignition sticks) and 3.18 kg. The
second batch (3.18 kg) was not collected all, but sample
collection with all devices was stopped at same time. The
design of the stove has been described by Tissari et al. [23].

Sampling instruments and procedures

Impactors

The DGI includes four impaction stages and a backup filter.
The classified size ranges are: coarse (PM>2.5, aerodynamic
diameter [24] Da>2.5 μm, with cyclone PM10–2.5, Da between

10 and 2.5 μm), inter-modal (PM2.5–1, Da between 2.5 and
1 μm), accumulations (PM1–0.5, Da between 1 and 0.5 μm and
PM0.5–0.2, Da between 0.5 and 0.2 μm), and ultrafine (PM0.2,
Da<0.2 μm) particles. The flow rate was 70 lpm. Hydropho-
bic 47 mm polytetrafluoroethylene (PTFE) membrane filters
(FSLW04700, Millipore) with pore size of 3 μm were used as
an impaction substrates and a similar pore size of 70 mm
(FSLW09025, Millipore) as a backup filters.

The modified HVCI [18] is a cascade impactor consist-
ing of three impaction stages and a backup filter. The
particulate size ranges are: coarse (PM>2.5, Da>2.5 μm),
inter-modal (PM2.5–1, Da between 2.5 and 1 μm), accumu-

Fig. 2 The experimental set-up
used in the second sampling
campaign. DGI Dekati Gravi-
metric Impactor; DLPI Dekati
Low-Pressure Impactor, HVCI
High-Volume Cascade Impactor,
P pressure sensor

Table 1 The combustion conditions, appliances, sampling times, and fuels of the two sampling campaigns

Campaign Code Combustion
appliance

Measurement
number

Time
[min]

Load O2 [%] Dilution ratio Temperature (diluted)

PSTC HVCI DLPI PSTC
[°C]

HVCI
[°C]

DLPI
[°C]

I DE Diesel engine 1 8 IS 75%
2 10

3 6

PB1 Pellet boiler 1 180 100%
2 122

II PB2 Pellet boiler 1 133 100% 11.6 12.3 99.1 13.6 23.5 23.9 19.4

2 135 11.3 14 99.5 14.2 25 24 20.1

3 128 11.5 13.4 103.4 13.9 23.8 24 19.5

CMH Conventional
masonry heater

1 55 (15+20+20) b1: 1.55+0.15 kg 14.2 13.7 119.1 23.6 17.7 21.5 21.2

2 b2: 2.4 kg 13.5 14.6 114.5 23.5 18.7 21.5 21.4

3 b3: 2.4 kg 13.5 19.7 109.9 24.2 20.1 22.3 22

SS Sauna stove 1 23 (15+8) b1: 1.5+0.2 kg 11 27 94 23.8 19.4 22.5 19.3

2 20 (15+5) b2: 3.18 kg (b2
not collected all)

12.1 16.4 75 35.9 16.3 22.3 16.8
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lation (PM1–0.2, Da between 0.2 and 1 μm), and ultrafine
(PM0.2, Da<0.2 μm) particles [17]. The HVCI was operated
with 850 lpm flow rate. Polyurethane foam (PUF) was used
as the impaction substrates in three stages. The backup
filters were hydrophobic PTFE filters (pore size 3 μm,
diameter 142 mm, FSLW4200, Millipore). All the sub-
strates were washed with methanol and dried in a furnace
before the weighing and sampling.

In addition to the toxicological HVCI and DGI sample
collection, DLPI was used to complement the mass size
distribution. DLPI is a cascade impactor with 13 impaction
stages, which classify particulate matter to 13 size fractions
from 0.03 to 10 μm. The flow rate of the impactor was kept
at 10 lpm. The design of the DLPI is similar to the impactor
used in the Electrical Low-Pressure Impactor (Dekati Ltd.)
[25, 26]. The particles were collected on aluminum-foil
substrates with a diameter of 25 mm. The substrates were
greased with a mixture of Apiezon-L and toluene (ratio
1:20) and they kept in oven for a minimum of 2 h at 160 °C
to remove volatile species.

Aerosol dilution

Dilution was used to reduce the flue gas particle concen-
tration, quench the particle chancing, and decrease the
aerosol temperature during sampling down to 50 °C. The
dilution ratio was calculated using CO2 concentrations from
undiluted and diluted flue gas as described by Tissari et al.
[27]. Dilution ratios are shown in Table 1.

Dilution tunnel (according ISO 8178-1 standard) with
inner diameter of 30 cm was used in the first campaign to
dilute the aerosol sample for the DGI, HVCI, and DLPI and
in the second campaign for the HVCI. The flow rate in the
dilution tunnel was 1,200 m3/h and filtered clean air was
used as a dilution gas. A more detailed description of the
dilution tunnel is available from Tissari et al. [22].

In the second campaign, the PRD was used for aerosol
dilution during sampling with the PSTC. The dilution zone of
the PRD was 30 cm long and the inner diameter of the porous
tube was 10 mm. The porous tube was sintered stainless steel
with a mean pore size of 20 μm. Sampling for the DLPI was
carried out by a combination of the PRD and ejector diluter
(ED). The PRD was 30 cm long and the inner diameter of the
porous tube was 22.1 mm and the mean pore size 20 μm. The
ED was the ejector part of the Fine Particle Sampler (FPS,
Dekati Ltd., Tampere, Finland) which was used as a stand-
alone without the FPS control unit.

Novel particle sampling system for toxicological
and chemical characterization

The PSTC consisted of the cyclone, the PRD, the DGI, and
the flow control, which are shown in Fig. 2. The aerosol

sample was drawn to the DGI through the cyclone and the
PRD. The cyclone and the sampling probe from chimney
were heated to 150 °C and thermally isolated. The cyclone
has a nominal flow of 10 lpm with a cut point of 10 μm.
Clean pressured air (60 lpm) was used to dilute the sample
in the PRD. After the PRD, the temperature of the aerosol
was measured to ensure that the aerosol was cooled down
to 25 °C before the impactor sampling.

The DGI was operated with a flow rate of 70 lpm. A ball
valve, a pressure sensor, a critical orifice, and a constant
vacuum pump were connected into series after the DGI and
the flow rate was adjusted by maintaining a constant
pressure before the critical orifice. A small aerosol flow
was taken after the DGI and fed into the CO2 sensor.

Sample handling and weighing

The collected particle samples were stored at −20 °C immedi-
ately after the sampling. The samples for the toxicological and
chemical analyses were prepared according to previously
validated procedures [28–30]. Briefly, all the sample substrates
were weighed before and after the sampling using an analytical
balance (Mettler Toledo XP 105DR (DGI and HVCI
substrates) or Mettler Toledo MT5 (DLPI substrates), Mettler
Instrument AG, Zürich, Switzerland). Before the weighing,
substrates were allowed to stabilize in the weighing room for
24 h (set point T 20±3 °C, RH 40±5%). The effects of
ambient temperature, pressure, and humidity were minimized
by adjusting the results with the weight variation of the control
substrates and by using the appropriate conditioning time. The
weighing procedure for DLPI substrates has been previously
described by Tiitta et al. [31].

The collected particulate material of PM1 size range was
extracted twice with 50 ml of methanol in an ultrasonic water
bath (FinnSonic m20, FinnSonic Ltd., Lahti, Finland) for
30 min below 35 °C to remove particles from the substrate.
The extracts were pooled together and the excess methanol
was evaporated using a rotary evaporator at 35 °C and
150 mbar (Heidolph Instruments GmbH & Co.KG, Schwa-
bach, Germany). Finally, the particle suspension was dispensed
into glass tubes on a mass basis and the samples were dried
under nitrogen flow (99.5%) on a heating block at 35 °C.
Selected sampling substrates were weighed for calculations of
the extraction efficiency of particulate material, which in this
study ranged from 70% (HVCI) to 90% (DGI). The same
procedures were followed when preparing the blank control
substrates, which were collected in every sampling campaign.
The dried particulate samples were stored at −20 °C.

Chemical analysis

The particulate samples were dissolved into 10ml of deionized
water. In order to ensure the dissolution of the dried samples
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the tubes were sonicated shortly in an ultrasonic path after
which they were rotated about 10 min. The analysis of anions
(Cl−, SO4

2−, NO3
−) and cations (Na+, NH4

+, K+, Mg2+, Ca2+)
was made using two ion chromatography systems (Dionex
ICS-2000, Dionex Corporation, Sunnyvale, CA, USA). For
ion chromatography systems, the limits of detection were
1 ng/ml and the lowest calibration point 5 ng/ml.

For the trace element analysis, the samples we digested in a
mixture of HF and HNO3 (1+3) in an ultrasonic bath in room
temperature according Jalkanen et al. [32]. The concentra-
tions of elements (Al, As, Cd, Co, Cr, Cu, Ni, V, Fe, Mn, Pb,
Zn) were analyzed from PM1 fraction using an inductively
coupled plasma mass spectrometer (ICP-MS, Perkin-Elmer
Sciex Elan 6,000, Perkin-Elmer Corp., Waltham, MA, USA).
Recoveries calculated using certified reference materials
(CRM) urban particulate matter 1648 are presented by
Jalkanen et al. [32] also the CRM results obtained with the
ICP-MS in other batches have been rather similar. The limits
of detection in ICP-MS for elements were 0.003–2.4 μg/l and
the limit of quantitation 0.01–8 μg/l.

The particulate samples (10 mg) were extracted with 3 ml
of dichloromethane in an ultrasonic bath and a total of 30
PAHs compounds1 were analyzed using the gas chromato-
graph–mass spectrometer–single ion monitoring technique
(GC-MS-SIM, 6890N GC, equipped with a 5973inert Mass
Selective Detector, Agilent Technologies, Santa Clara, CA,
USA) as described earlier [33]. The genotoxic PAHs were
determined on the basis of the WHO-IPCS criteria [34].

Toxicological analyses

Cell cultivation and exposure

Before the toxicological cell exposures, the particulate samples
were suspended into small amount of dimethylsulfoxide
(DMSO) (0.3% (fc.), Merck KGaA, Darmstadt, Germany)
and sterile water (W1503, Sigma-Aldrich Corp., St. Louis,
MO, USA) at a concentration of 5 mg/ml. Thereafter, the
samples were sonicated for 30 min in an ultrasonic water bath
(FinnSonic m03, FinnSonic Ltd., Lahti, Finland).

Mouse macrophages (RAW264.7, ATCC, Rockville, MD,
USA) were cultured in RPMI 1,640 medium supplemented
with 10% heat inactivated fetal bovine serum (FBS), 2 mM L-
glutamine and 100 U/ml penicillin–streptomycin (Gibco,

Paisley, UK), and maintained at 37 °C in a humidified
atmosphere of 5% CO2. Suspensions of 500.000 RAW264.7
cells per milliliter were dispensed into 6-well plates (2 ml per
well, Corning Inc., New York, USA), and the cells were
allowed to stabilize round the clock. Fresh culture medium
was changed 1 h before 24-h exposure of the cells to wood
combustion particles (15, 50, 150, and 300 μg/ml) originat-
ing from three different installations. After the exposure, the
macrophages were suspended into the cell culture medium of
the wells by scraping and the cell viability was measured
from the cell suspension using the MTT test. The cell culture
mediumwas stored at −80 °C for the analysis of inflammatory
mediators. Genotoxicity was measured with the Comet assay
without delay using half of the phosphate buffered saline
(PBS) suspension of mouse macrophages. The other half of
the suspension was fixed with ethanol (70% v/v, Altia,
Finland) and stored at −4 °C for subsequent analysis of
apoptosis and the phases of the cell cycle. For human
bronchial epithelial cells (BEAS-2B, ATCC), the culture
medium was prepared using BEGM® BulletKit® solutions
(serum free, Gibco, Paisley, UK). The cell line was maintained
in the same conditions as the mouse macrophages. For the
measurements of genotoxicity, the 200.000 BEAS-2B cells
were plated into 6-well plates in duplicate (2 ml/well) and
exposed to different doses of PM1 samples (15, 50, 150, and
300 μg/ml). After the exposure, epithelial cells were treated
with trypsin and suspended into PBS (Gibco, Paisley, UK).
Trypan blue exclusion method (Sigma-Aldrich Corp., St.
Louis, MO, USA) was used in the counting of viable cells.

Cell viability of mouse RAW264.7 macrophages

Cell viability was measured in mouse macrophages using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide) test [35]. The assay was slightly modified to detect
PM-induced responses [30]. The absorbances were measured
at a wavelength of 570 nm in a multilabel plate reader
(Victor3TM, Perkin-Elmer Corp., Waltham, MA, USA) and the
results were analyzed using WorkOut 2.0 software (Dazdaq
Ltd., Brighton, UK). The absorbance resulting from the
exposed cells was compared with those of the control cells.

Production of inflammatory mediators in mouse RAW264.7
macrophages

Production of the proinflammatory cytokine TNF-α (tumor
necrosis factor α) and the chemokine MIP-2 (macrophage
inflammatory protein 2) was analyzed from cell culture
medium of mouse RAW264.7 macrophages using commer-
cial enzyme-linked immunosorbent assay sandwich kits
(R&D Systems, Minneapolis, MN, USA). The analysis was
slightly modified from the manufacturer’s instructions as
described earlier by Jalava et al. [28]. The absorbances

1 Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenan-
threne, Anthracene, 1-Methylphenanthrene*, Fluoranthene*, Pyrene,
Benzo[c]phenanthrene, Benzo[a]anthracene*, Cyclopenta[c,d]pyrene,
Triphenylene*, Chrysene*, 5-Methylchrysene, Benzo[b]fluoran-
thene*, Benzo[k]fluoranthene*, Benzo[j]fluoranthene, Benzo[e]pyr-
ene*, Benzo[a]pyrene*, Perylene*, Indeno[1,2,3-cd]pyrene*, Dibenzo
[a,h]anthracene*, Benzo[g,h,i]perylene*, Anthanthrene, Dibenzo[a,l]
pyrene, Dibenzo[a,e]pyrene, Coronene*, Dibenzo[a,i]pyrene, Dibenzo
[a,h]pyrene (Asterisks (*) indicate genotoxic PAHs)
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were detected at a wavelength of 450 nm in a multilabel
plate reader (Victor3TM). The concentrations of the inflam-
matory mediators were calculated by interpolation from the
standard curve using WorkOut 2.0 software.

Apoptosis and cell cycle analysis
in mouse RAW264.7 macrophages

The cell cycle phases and apoptosis were measured in a
flow cytometric deoxyribonucleic acid (DNA) content
analysis as originally described by Darzynkiewicz et al.
[36] and modified by Penttinen et al. [37]. In the analysis of
mouse macrophages, cells in the sub G1 phase were
considered as being apoptotic. The fluorescence was
detected at an emission wavelength of 613±20 nm (FL3)
in a flow cytometer (CyAn ADP, Beckman Coulter Inc.,
Fullerton, CA, USA). A total of 10,000 cells were analyzed
per sample using Summit software version 4.3 (Beckman
Coulter Inc., Fullerton, CA, USA).

Genotoxicity in human BEAS-2B and mouse RAW265.7
cell lines

DNA damage was assessed in the alkaline version of the
single cell gel/Comet assay as described earlier by Jalava et al.
[16]. The nuclei were analyzed in ethidium bromide-stained
cells (300 cells per dose; using an image analysis system
(Comet assay IV, Perceptive Instruments Ltd., Suffolk, UK)).
The Olive tail moment ((tail mean − head mean) × tail%
DNA/100) was the parameter used in the statistical analysis.

Statistical analysis for toxicological studies

The toxicological responses induced by the wood combustion
particles were compared to control cells and with regard to
particle dose of 150 μg/ml. The data were statistically
analyzed with PASW statistics version 17.0 (SPSS Inc.,
Chicago, IL, USA). Comparisons between the sampling
systems in measurements of cytotoxicity and inflammation
were made by analysis of variance (ANOVA) and Dunnett’s
post hoc test considering the first level as the control (n=6).

Furthermore, ANOVA and Tukey’s post hoc test were used
to detect the differences between the responses at the dose of

150 μg/ml. The results from the DNA content analysis were
tested with t test (n=3) and those from the Comet assay were
analyzed using non-parametric Kruskal–Wallis and Mann–
Whitney U tests due to the small number of replicates (n=3,
100 cells per replicate). Differences were considered to be
statistically significant at p value <0.05.

Results and discussion

Comparison of the DGI, HVCI, and DLPI at a similar flue
gas dilution in the first campaign

Total PM values measured from the exhaust gas of the diesel
engine were equal with all impactors. However, the HVCI and
the DLPI collected 9% less PM1 from the diesel engine than
the DGI, as can be seen in Table 2. Furthermore, the HVCI
and DLPI yielded higher particle mass concentrations in the
upper impaction stages (Da>1 μm) than the DGI (Fig. 3a, b).
In contrast, in the backup filters (the lowest stages (Da<
0.2 μm)), the mass concentrations from the HVCI and DLPI
were lower than those from corresponding stages of the DGI.
These differences also influenced the geometric mass mean
diameter (GMMD) values (Table 3).

In the measurements of the emissions from pellet boiler
1, total PM was 7% higher for the HVCI and 6% lower for
the DLPI than that for the DGI (Table 2). PM1 levels were
almost the same with the DGI and HVCI but the DGI gave
13% higher PM1 levels than the DLPI. The differences in
the mass size distributions observed between the impactors
(Fig. 3c, d) resembled those seen with the diesel engine,
which was seen in the DGIs smallest GMMD values.

The observed small differences between the impactors
were probably due to the fact that impaction substrates of
the DGI were not greased as were in the DLPI. Bouncing of
the particles from the upper impaction stages of the DGI
may move them to lower impaction stages [38]. However,
the bouncing effect of the particles due to the lack of grease
was much smaller than expected and total PM, PM1, and
mass size distributions were almost the same between the
impactors. Bouncing of the particles does not cause a
problem with the HVCI because it has porous PUF as the
collection substrate in the upper impaction stages. However,

Table 2 PM1 and PM concentrations measured with the DGI, HVCI, and DLPI from emissions of the diesel engine DE and the pellet boiler PB1

PM1 PM

DGI [mg/m3] HVCI [mg/m3] DLPI [mg/m3] DGI [mg/m3] HVCI [mg/m3] DLPI [mg/m3]

DE 4.2 (0.1) 3.8 (0.3) 3.8 (0.2) 4.4 (0.2) 4.4 (0.3) 4.4 (0.3)

PB1 0.22 (0.03) 0.22 (0.01) 0.20 (0.02) 0.22 (0.03) 0.24 (0.01) 0.21 (0.02)

Standard deviation is shown in parenthesis (n=2–3)
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PUF may adsorb organic gases in the upper stages and falsely
increase the collected mass to some extent. Average of the
mass from blank filters was 0.4 mg with standard deviation of
0.8 mg.

Comparison of the novel particle sampling system
for toxicological and chemical characterization (PSTC)
with the ordinary HVCI and DLPI systems
in the second campaign

Physical and chemical properties of particles

Comparison of the different sampling systems revealed
differences in physical and chemical properties of particles
which were likely to be related to the dilution method and

sample collection system. In the pellet boiler 2 experiments,
the HVCI resulted into 10% lower and the DLPI to 14% lower
total PMmass emissions than the PSTC (Table 4). Differences
in PM1 were only little bit higher, the HVCI shows 12%
lower and the DLPI 15% lower mass emissions than the
PSTC. As seen in Fig. 4, the HVCI and DLPI systems
yielded larger mass emissions on the upper impaction stages
(Da>1 μm) but smaller emissions on the lowest filtration
(Da<0.2 μm) stages when compared with the PSTC. In the
experiments with pellet boiler 1, the results were qualitative-
ly similar but the variation between the impactors was
smaller, probably due to using the same dilution system for
all impactors (Fig. 3c, d). Moreover, the PSTC measured
GMMD (Table 3) is smaller than the other impactors with
their conventional dilution systems. This can also be seen
with the conventional masonry heater and the sauna stove.

The differences in the measured total PM and PM1 mass
emissions detected with the different sampling methods
were even larger for the conventional masonry heater and
the sauna stove than for the pellet boiler (Table 4). In the
measurements with the conventional masonry heater, PM1

mass emissions were 24% lower for the HVCI and 27%
lower for the DLPI systems than for the PSTC. Even
greater differences were measured with the sauna stove,
44% and 30% respectively. Similar differences were
observed in the measured total PM mass emissions
(Table 4).
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Fig. 3 Mass size distributions
of the emission particles mea-
sured with the DGI, HVCI, and
DLPI from the diesel engine DE
(a, b) and the pellet boiler PB1
(c, d)

Table 3 Geometric mass mean diameters (GMMD) of the particles
measured with the DGI, HVCI, and DLPI from emissions of the diesel
engine DE, pellet boilers PB1 and PB2, conventional masonry heater
CMH, and sauna stove SS

DGI [nm] HVCI [nm] DLPI [nm]

DE 120 170 220

PB1 90 160 150

PB2 100 140 170

CMH 130 210 280

SS 300 370 560
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Table 4 PM1 and total PM emissions measured with the PSTC system, and the HVCI and DLPI systems, from emissions of the pellet boiler PB2,
conventional masonry heater CMH, and sauna stove SS

PM1 PM

PSTC [mg/MJ] HVCI [mg/MJ] DLPI [mg/MJ] PSTC [mg/MJ] HVCI [mg/MJ] DLPI [mg/MJ]

PB2 14.0 (0.5) 12.3 (0.9) 12.0 (0.1) 14.3 (0.5) 12.9 (0.9) 12.3 (0.003)

CMH 50 (20) 40 (9) 38 (7) 54 (20) 48 (10) 43 (9)

SS 230 (70) 130 (14) 160 (30) 280 (70) 170 (20) 220 (50)

Standard deviation is shown in parenthesis (n=2–3)
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In the PSTC measurements with the conventional masonry
heater and the sauna stove, a large amount of particulate
matter accumulated on the backup filters. The differences
observed in PM1 and total PM were probably attributable to
the differences in the condensation of organic vapors. The
emissions of the sauna stove and conventional masonry
heater contained large concentrations of organic vapors [23];
but in the pellet boiler derived sample, these concentrations
were small [33]. Condensation of organic vapors in the
emissions during dilution has been shown to be dependent
on the dilution ratio, and a smaller dilution ratio can increase
their condensation into particle phase [39]. The dilution ratio
was clearly smaller with the PSTC than with the HVCI and
DLPI systems which may explain our present results.
However, the HVCI resulted in higher mass emissions in
the upper impaction stage than the PSTC. This may be due
to fact that the porous PUF substrates have a higher tendency
to collect various gas phase components than the PTFE
substrates in the PSTC. PUF has been used for the sampling
of gaseous organic compounds [40] and it has been found to
collect water vapor readily [41].

The main inorganic compounds (K, Na+, Cl, SO4
2−,

NO3
−, NH4

+, and Zn) and other analyzed elements (Al, Cd,
Co, Cr, Cu, Mn, Ni, Pb, V, As, Fe, Mg2+, and Ca2+) in the
emission particles from the wood combustion appliances
did not display any major differences between the HVCI
system and the PSTC as seen in Fig. 5. However, the
different impaction sample substrates yielded somewhat

different particle extraction efficiencies for the HVCI (70%)
and PSTC (90%) samples, which may explain some of the
differences in the chemical composition of the extracted
particulate mass. Fraction of the contamination determined
based on blank filters chemical analyses was on average
1.4% (mass of the analyzed content from total mass) with
standard deviation of 0.5%.

Large amounts of PAHs were measured (Table 5) in
the particulate samples from the sauna stove and conven-
tional masonry heater, while the PAH content in particles
emitted from pellet boiler 2 was negligible. The conven-
tional masonry heater derived particles collected with the
HVCI system had a 10% smaller total PAH content than
those collected with the PSTC. Moreover, the PAH
contents in the particulate emissions from sauna stove
were 25% higher with the HVCI when compared with the
PSTC system. In the same experiments, the genotoxic
PAH content was 44% higher for the HVCI collected
samples than for the corresponding PSTC samples. Porous
PUF, as a sample substrate in the HVCI system, collects 3-
and 4-ring PAHs and semi-volatile organic compounds of
gas phase [42, 43] which may explain the differences in
the results of the conventional masonry heater and the
sauna stove. The PTFE substrates in the PSTC are not
susceptible for this potential bias by volatile toxic organic
compounds in the particulate samples. Thus, the particu-
late samples collected with PSTC are well suited for the
toxicological analyses.

Fig. 5 Chemical compositions
of PM1 collected with the PSTC
and the HVCI systems from the
emissions of the pellet boiler
(PB2), the conventional mason-
ry heater (CMH), and the sauna
stove (SS). Other analyzed ele-
ments were Al, Cd, Co, Cr, Cu,
Mn, Ni, Pb, V, As, Fe, Mg2+,
and Ca2+

Table 5 Genotoxic and total PAH content of PM1 collected with the PCTS and HVCI systems from the emissions of pellet boiler PB2,
conventional masonry heater CMH, and sauna stove SS

PB2 CMH SS

HVCI [μg/mg] PSTC [μg/mg] HVCI [μg/mg] PSTC [μg/mg] HVCI [μg/mg] PSTC [μg/mg]

Genotoxic PAH 0.004 0.003 10 10 48 33

TOTAL PAH 0.014 0.006 17 19 105 83
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Toxicological properties of wood combustion particles

The mouse RAW264.7 macrophage cell line was exposed
to wood combustion particles which were collected from
small-scale wood combustion appliances using the HVCI
and the PSTC sampling procedures. After a 24-h exposure,
cell death, production of the inflammatory mediators TNF-
α and MIP-2, the phases of the cell cycle, and genotoxicity
were measured. Cell death and production of the inflam-
matory mediators were elevated in a dose-dependent
manner regardless which sampling system was being used.
Table 6 presents results from the measurements of cell
death, the inflammatory mediators and phases of the cell
cycle at a particulate dose of 150 μg/ml in mouse
RAW264.7 macrophages. No statistically significant differ-
ences were seen between the particulate samples collected
with the HVCI system or the PSTC system from any of the
studied appliances with regard to the detected acute cell
death, TNF-α production or cell cycle analysis. However,
the particles collected from emissions of the conventional
masonry heater using the HVCI system induced a signif-
icantly elevated chemokine MIP-2 production in compari-
son with the corresponding samples collected with the
PSTC system. This may be due to the ability of PUF in the
HVCI system to collect PAHs and semi-volatile organic
compounds. This view is supported by findings in our
previous wood combustion studies, in which extensive
MIP-2 production has been linked to high concentrations of
organic compounds in the collected particulate samples
[12]. The extracts from sampling substrates, i.e., blank
samples, did not evoke any toxicological responses.

The genotoxic activities of wood combustion particles in
the both mouse macrophage and human bronchial epithelial
cell lines are presented in Fig. 6 after a 24-h exposure to a

particulate dose of 150 μg/ml. The particulate samples
collected using the different sampling procedures increased
the genotoxic responses in a dose-dependent manner.
Statistically significant differences between PSTC and the
HVCI system were seen only with the sauna stove sample.
The sauna stove derived particles collected with the HVCI
system displayed a statistically significant 35% higher
genotoxic response in mouse macrophages than those
collected with the PSTC. This may be explained by
different PAH profiles in those samples. The genotoxic

Table 6 Cell death, production of inflammatory mediators, and cell cycle analysis measured in mouse macrophage cell line after exposure to
wood combustion particles (mean responses at particulate doses of 150 μg/ml)

Cell death Inflammation Cell cycle analysis

Viability (%) TNF-α (pg/ml) MIP-2 (pg/ml) Sub G1 (%) G1 (%) S-G2/M (%)

PB2

HVCI 66.4* 189* 309* 4.09 49.7 40.2

PSTC 61.5* 181* 282* 6.53* 46.4 39.1

CMH

HVCI 73.8* 323* 682* 15.1* 52.8 29.4

PSTC 68.1* 244* 436 16.0* 53.1 28.0

SS

HVCI 39.9* 126 687* 20.6* 50.1 25.9*

PSTC 47.6* 142 752* 22.2* 47.8 25.7*

The particles were collected from a pellet boiler (PB2), a conventional masonry heater (CMH), and a sauna stove (SS) with two different sampling
procedures (HVCI and PSTC). Asterisks (*) indicate statistically significant differences compared to control cells (p<0.05, Dunnett’s test/t test). n=3–6

Fig. 6 Genotoxic responses (as measured with the Olive Tail Moment)
induced by wood combustion particles (mean responses±SEM at
particulate doses of 150 μg/ml) in mouse RAW264.7 macrophage and
human BEAS-2B bronchial epithelial cell lines. The emission particles
were collected from a pellet boiler (PB2), a conventional masonry heater
(CMH), and a sauna stove (SS) with two different sampling systems
(HVCI and PSTC). Asterisks indicate statistically significant differences
as compared to control cells (p<0.05, Kruskal–Wallis) and two dots
denote statistically significant difference between the corresponding
doses of the emission particles collected with the two sampling systems
(p<0.05, Mann–Whitney). n=3
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responses in human bronchial epithelial cells were not
measurable after exposure to a dose 150 μg/ml of emission
particles from the sauna stove, which was due to the
massive cell death evoked by these samples. Cell viabilities
(at the end of the exposure) in the experiments of
emission particles (150 μg/ml) from the pellet boiler
and conventional masonry heater ranged still from 74%
to 98%, determined with the Trypan blue exclusion test.
The particles from the conventional masonry heater
induced significantly more DNA damage in human
bronchial epithelial cells than in mouse macrophages.
Thus, human bronchial epithelial cells might be more
susceptible to the genotoxic effects of wood combustion
particles.

Conclusion

In this study, a PSTC, consisting of the DGI and a PRD,
was devised and validated. First, the DGI was compared to
the HVCI and the DLPI, in the same dilution conditions.
The results obtained with the different impactors were in
good agreement and there were only small differences in
the mass size distributions of the emitted particles.
Secondly, the PSTC was compared to the HVCI and DLPI
systems under different dilution conditions. In these
situations, clear differences in the physical and chemical
properties of the wood combustion emissions were ob-
served, probably due to the different sample dilution
methods and sampling substrates which affected the
behavior of semi-volatile and volatile organic compounds.
In the toxicological analyses, the particles collected with
the HVCI and the PSTC evoked merely similar responses
in the both mouse macrophage and human bronchial
epithelial cell lines. The only difference between the HVCI
and PSTC systems was detected in the chemokine MIP-2
and genotoxic responses, which may be attributable to
differences in organic contents of the incomplete wood
combustion samples.

The PSTC offered some significant advantages
compared to the HVCI system. It is a compact sampling
system that is suitable for field measurements with a
sufficient sampling flow rate due the combination of the
DGI and PRD. In addition, the PRD provided easily
adjustable dilution conditions despite its compact size.
The PSTC using the PTFE substrates, instead of the
PUF substrate in the HVCI system, did not lead to any
potential bias in the genotoxic and inflammatory
responses generally linked to volatile toxic organic
compounds. Furthermore, the PTFE substrates were
easier to handle and prepare for the field measurements, and
the extraction efficiency was much higher for the PSTC
samples than for the HVCI samples.

Overall, these data indicated that the present PSTC is a
better suited alternative for the toxicological analyses of the
source specific emission particles than the previously used
high-volume sampling systems since it offers a great sample
collection capability in an advanced and compact form.
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This paper evaluated the break-up and bounce of iron oxides and copper agglomerates during inertial impaction.
The results were compared with data acquired earlier with TiO2 agglomerates. It was found that the total mass-
based bounce fraction of the iron oxide agglomerates did not increasemonotonicallywith the impaction velocity.
The reason behind this appeared to be the transition from non-fragmentation to fragmentation as the impaction
velocity increased. The copper agglomerateswere found to de-agglomerate but not bounce in these experiments.
Different impaction surfacematerials were also examined to determine their effect on the impaction process, but
only small variations were found in the bounce fractions or the size of the particles after bounce and
deagglomeration.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Whether a particle adheres to a surface or bounces from it upon
inertial impaction is an important issue in the field of aerosol research.
Inmeasurement techniques, such as low pressure impactors and filters,
the adhesion process is utilized to collect the particles and the bounce is
often undesired [1]. On the other hand, the tendency of particles to
bounce during inertial impaction has been used to analyze the physical
state of the particle [2]. The bounce is also an issue in aerosol transport
problems. For example, in a certain type of severe nuclear reactor acci-
dent the inertial impaction may affect the aerosol distribution released
to the environment due to the bounce and de-agglomeration processes
[3].

During an impaction of a particle onto a surface, the energy is con-
sumedmainly on reversible elastic and irreversible plastic deformations
of the particle and the surface. If the elastically stored energy overcomes
the adhesion between the particle and the surface, the particle may
bounce from the surface. At low impaction velocities, the particles ad-
here to the surface, however as the impaction velocity is sufficient and
the critical velocity is achieved, the particles start to bounce. The critical
velocity depends on many parameters, such as the material properties,
particle size [4], impaction angle [5,6] and relative humidity [7]. For

example, experiments for supermicron particles have shown that byde-
creasing the particle diameter, the critical velocity increases [4].
Rennecke and Weber [8] also found the increasing critical velocity
with increasing particle size trend for submicron particles.

The effect of plastic deformation on thebounce has beennumerically
investigated in many studies [9,10]. Awasthi et al. [11] showed intrigu-
ing results on the bounce of clusters wherein interatomic energies were
described with Lennard-Jones potential. In their simulations, there was
a transition from adhesion to bounce at low but increasing impaction
velocities. However, as the impaction velocity was further increased
the clusters preferred to adhere onto the surface again. This was due
to the plastic deformation of the cluster which increased the adhesion
energy between the particle and the surface. At even higher velocity
the clusters preferred to bounce again as the excess kinetic energy
exceeded the increased adhesion.

Although many parameters affecting the bounce of the particles
have been studied, the effect of fragmentation on the bounce of agglom-
erates has received very little attention. Studies have shown that submi-
cron agglomerates are able to break to smaller fragments by inertial
impaction [12,13], however, how this influences the bounce has re-
ceived only little attention [14,15].

In this paper, the bounce of nano-sized agglomerates upon inertial
impaction at relatively high velocities was studied. The results for mag-
netite agglomerates were compared with earlier results for titania
(TiO2) agglomerates [15]. In addition, the effect of the impaction plate
material on bounce was examined. The measurement system was
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introduced by Ihalainen et al. [14], and it was designed for the simulta-
neous investigation of break-up and bounce during impaction.

2. Experimental methods

2.1. Impaction set-up

A measurement system developed by Ihalainen et al. [14] was
applied to analyze the impaction behavior of the iron oxide and copper
agglomerates (Fig. 1). The measurement system contained a single
stage Micro-Orifice Uniform Deposit Impactor (MOUDI) combined
with a low pressure sampling chamber. In the system, the generated
aerosols were first size-classified by Differential Mobility Analyzer
(DMA) to obtain a relatively monodispersed aerosol population. Then,
the aerosols were introduced into the single-stage MOUDI, which has
2000orificeswith a diameter of 55 μm. The impaction platewas covered
with an aluminum foil. A TEM grid was placed in the foil to collect the
deposited particles. The bounced particles were collected at the low-
pressure sampling chamber, which enabled the use of online methods,
such as the ScanningMobility Particle Sizer (SMPS). The particles before
the impaction, the intact particles, were analyzed with the same

measurement system, but the impaction plate of the MOUDI was
removed. This way, the particles underwent the same stresses,
e.g., the acceleration phase at the nozzles of the impactor, as the impact-
ed particles but without impaction. Dilutions were applied to lower the
temperature and concentration after the reactor and to increase the
flow rate prior to the impactor.

2.2. Impaction velocity

The impaction velocity was determined by Computational Fluid
Dynamics (CFD) simulation combinedwith a Lagrangian particle trajec-
tory method. This method is based on the work by Arffman et al. [16],
and we have used it previously to estimate the impaction velocities in
the impactor used in this investigation [15]. In this method, the gas
flow field in the impactor is simulated using ANSYS Fluent 12.1.4
software where the problem is solved as two dimensional and axisym-
metric. The particles are then ‘released’ from the nozzle inlet plane, and
the script written in MATLAB solves the particle trajectories and, thus,
the impaction velocities. Further information about the velocity simula-
tions can be found in Ihalainen et al. [15].

Fig. 1. The measurement set-up.

Fig. 2. SEM images of the surface materials, a) Al, b) Ti, c) Ag, and d) Cu. The white particles are the impacted TiO2 agglomerates.

204 M. Ihalainen et al. / Powder Technology 268 (2014) 203–209

76



2.3. Aerosol generation

Iron oxide and Cu agglomerates were produced by the atmospheric
pressure chemical vapor synthesis method (APCVS; [17]). For iron oxide
particles iron pentacarbonyl Fe(CO)5 was used as the precursor material.
For the copper agglomerates, the precursor was copper acetylacetonate.

The nanoparticle reactor consists of a vertical flow reactor and a
bubbler to vaporize the liquid precursor. The oxidation state of the
iron was controlled in the reactor by pre-heated air/nitrogen gas
mixture. Oxygen levels of 0.05 and 21% were maintained in the reactor
during iron oxide particle generation. Cu particles were generated in
nitrogen/hydrogen atmosphere. The temperature of both pre-heated
air and vertical flow reactor was set to 600 °C and the flow to 5.5 lpm.
After a fast nucleation in the heated section, the nanoparticles collided
and soft agglomerates formed during dilution and cooling in a porous
tube diluter.

To determine the oxidation state of the iron nanoparticles, a sample
was collected for both X-ray diffraction (XRD), which was used to
analyze the crystal structures and thermogravimetric analysis (TGA)
to analyze the thermal stability of the particles by monitoring the
weight change of the particles when the sample was heated.

2.4. Determination of the bounce fraction

The number size distributions of the bounced particles were
measured with a Scanning Mobility Particle Sizer (SMPS), which was a
combination of DMA (TSI; model 3080 platform, 3071 DMA) and
nano-Condensation Particle Counter (CPC; TSI; model 3776). The size-
dependent effective density of the iron oxide particles was measured
using a combination of SMPS and Aerosol Particle Mass analyzer
(APM). This method has been used by, e.g., Malloy et al. [18] and
Ihalainen et al. [15]. The aerosols were first mass classified with the

APM, and then the electrical mobility size of the particles wasmeasured
with the SMPS. By changing the mass by which the APM classifies, a
range of electrical mobility sizes and the corresponding mass values of
the particles were obtained. These enabled calculation of the size-
dependent effective density of the particles.

The mass concentrations of the bounced particles were determined
based on the number size distribution measured by SMPS. The lognor-
mal size distributions were fitted for the intact and bounced data. The
intact particles were fitted for two lognormal modes, and the bounced
particles were fitted with three lognormal modes. The two modes of
the intact particles represent the singly and doubly charged particles,
and the three modes of the bounced particles represented the de-
agglomerated and non-fragmented particles (singly and doubly
charged). The measured size-dependent effective density was applied
to calculate the mass distributions.

2.5. Impaction surface materials

The impaction plate surface material was varied by sputtering
aluminum foil with Ag, Cu, Ti and Fe2O3. The layer thickness was several
hundred nanometers. Because of the sputtering process, the form of the
surface changes from the smoothness of aluminum, at the scale of the
particle size, to a rough surface. According to Fig. 2, the surface rough-
ness graininess was of the same order of magnitude with all of the
sputtered materials. Thus, if the surface roughness would have signifi-
cantly affected the results, it would have occurred between the alumi-
num and the sputtered surface materials.

2.6. The effect of the impaction plate material

As a particle impacts onto a surface, twomaterials interact with each
other. In addition to the properties of the particle, such as the kinetic en-
ergy and size, the properties of the impaction surface affect the outcome
of the impact: 1) the surface material properties influence the adhesion
between the particle and the surface determining the kinetic energy re-
quired for the bounce, 2) the elasticity of the surfacematerial affects the
force the particle experiences during impact, and finally, 3) charge
transfer may occur during the impaction and bounce. To be able to
evaluate these parameters for an agglomerate, the agglomerate–surface
interaction was estimated as M number of primary particles in contact
with the surface (Fig. 3). It is also assumed that all of these contacts be-
tween the primary particles and the surface are identical.

2.6.1. Adhesion
The adhesion between sphere and a surface can be modified from

JKR-theory [19,20] and it may be written for and agglomerate with M
number of identical primary particle–surface contacts as

Ead ¼
Mσπ 9π2Dpp

2σ KS þ KPð Þ
h i2

3

4
: ½1�

Thus, the adhesion depends on the primary particle size Dpp, the sur-
face andparticlemechanical constantsKs andKp, the specific adhesion en-
ergy σ and the number of primary particles in contact with the surfaceM.

The material parameters were calculated using the following
equation

Kp;s ¼
1−ν2

� �
πE

; ½2�

where E is the Young'smodulus, and v is the Poisson's ratio of themate-
rial (Table 1). The surface adhesion is determined as

σ ¼ Ah

12πD0
2 ; ½3�

Fig. 3. A schematic figure of an agglomerate contacting a surface.

Table 1
The properties of the materials.

Poisson's
ratio
[1]

Young's
modulus
[GPa]

Hamaker
constant
[10-20]

Mechanical
constant ks,p [m2/
N]

Work
function
[eV]

Surface materials
Al2O3 0.33 87 15 36 4.08
Ag 0.42 63 50 42 4.26
Cu 0.33 117 40 24 4.51
Ti 0.33 110 15 26 4.33
Fe2O3 0.34 182 25 15 5.71

Particle materials
TiO2 0.33 282 15 10 4.2
Magnetite 0.37 175 43 15 5.78
Cu 0.33 117 40 24 4.51
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where D0 is the distance between the surfaces (usually 4 Å is used) and
Ah the Hamaker constant of the surface–particle system. The Hamaker
constant of two material in vacuum can be estimated as

Ah102 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ah101Ah202

p
; ½4�

where Ah101 and Ah202 are the Hamaker constants of each species in
vacuum. The relative adhesion betweenmagnetite and different surface
materials is shown in Table 2. The adhesion is strongest between
magnetite and silver and weakest between magnetite and titanium
and aluminum oxides.

2.6.2. Fragmentation
The maximum force exerted by the impacting particle was used to

estimate the potential plastic deformation occurring in that particle.
To determine how material properties affect the maximum force, a
simplified elastic collision between the agglomerate and surface was
considered. The Hertzian contact force Fcont between a sphere of radius
R and flat surface with a contact displacement xd was defined as [19]

Fcont ¼
4
3
E�

ffiffiffi
r

p
xd

3
2; ½5�

where E⁎ was the reduced modulus based on the Young's modulus E
and Poisson's ratio v of the sphere and surface materials

1
E�

¼ 1−ν1
2

E1
þ 1−ν2

2

E2
: ½6�

For an agglomerate, Eq. (5) may be rephrased as

Fcont;aggl ¼ M
4
3
E�

ffiffiffiffiffiffi
rpp

p
xd

3
2; ½7�

whereMdefines thenumber of primary particles contacting the surface,
and rpp is the radius of the primary particle. All the primary particles M
which are in contact with the surface are supposed to have an identical
contact with the surface, and thus the displacement is the same for all of
these contacts. For an agglomerate ofmassm andwith an initial velocity
of v0, the maximum displacement can be solved from differential equa-
tion Fcont,aggl = m ∗ dv/dx ∗ v. Combining the maximum displacement

with Eq. (7) and the knowledge that the mass of the agglomerate is
the sumof the primary particlemasses, themaximum force iswritten as

Fmax ¼ 4
3

ME�
� �2

5rpp
2 5

4
Nπv0

2ρbulk

� �3
5

; ½8�

where N is the number of primary particles and ρbulk the material bulk
density.

Eq. (8) allows the estimation of the maximum force as the Young's
modulus and the Poisson's ratio of thematerials vary. The relative forces
between agglomerates and the impaction surface of different materials
used in this study are shown in Table 2. The parameters other than the
Young's modulus and the Poisson's ratio were kept unchanged.

2.6.3. Charge transfer
The charge transfer during the impaction depends on properties

such as the impaction velocity, particle size, precharge and properties
of the materials involved. The possible effect of charge transfer on the
impaction behavior was evaluated through varying of the impaction
plate materials. A model based on Herzian mechanics predicts that the
material properties affecting the charge transfer are the mechanical
constant Kp,s and contact potential Vc [21].

Qc∝Vc Kp þ Ks

� �4
5
: ½9�

The contact potentialVc between twomaterialsmay be calculated by
subtracting thework function ofmaterial one from that of material two.
Thus, by varying these properties of the material, the potential effect of
the charge transfer on the impaction behavior was expected to be
reflected in the results.

3. Results and discussion

3.1. Characteristics of the agglomerates

Based on XRD and TGA results, the iron particles were characterized
to be magnetite and hematite with oxygen concentrations of 0.05 and
21% during the generation process, respectively. The TEM micrographs
of the iron agglomerates are shown in Fig. 4. Themagnetite agglomerates

Table 2
The calculated relative adhesion energy, maximum force and charge transfer between the different particle and surface materials. The values were normalized with the highest value in
each case (adhesion energy, maximum force, charge transfer).

Surface material Relative adhesion energy Relative maximum force Relative charge transfer

Particle materials Particle materials Particle materials

TiO2 Magnetite Cu TiO2 Magnetite Cu TiO2 Magnetite Cu

Al2O3 0.03 0.18 0.08 0.82 0.78 0.73 0.07 0.97 0.28
Ag 0.09 1 0.24 0.76 0.73 0.69 0.04 1 0.18
Cu 0.05 0.62 0.16 0.89 0.84 0.78 0.14 0.63 0
Ti 0.024 0.17 0.07 0.87 0.83 0.77 0.06 0.74 0.11
Fe2O3 0.047 0.61 0.15 1 0.93 0.84 0.55 0 0.63

Fig. 4. The TEM micrographs of the iron oxide particles of A) magnetite, B) hematite and C) Cu.
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had a wide range of primary particle sizes, ranging from 5 nm to tens of
nanometers, and the average size was approximately 10 nm. The
hematite particles had a monodispersed primary particle distribution
of 5 nm. In Fig. 4, the generated copper particles are shown. The primary
particle size of the copper agglomerates was approximately 10 nm.
Although the generation process for the copper particles occurred in a
nitrogen/hydrogen atmosphere, the copper particles presumably have
a thin oxygen layer on the surface of the particles as they were exposed
to air during dilution and sampling.

3.2. Agglomerate bounce

3.2.1. Magnetite
The impaction experiments were conducted with both iron oxides

magnetite and hematite. However, even though the agglomerates of
magnetite and hematite appeared to be very different in the TEM
micrographs (Fig. 4), the impaction behavior with the two materials
was very similar. Using the same velocities and initial agglomerate
distributions, the resulting bounce and de-agglomeration behavior
was identical for both materials. Therefore, only the results with the
magnetite agglomerates are shown here.

The mass-based bounce fractions of the magnetite particles are
presented in Fig. 5a. Here, we compare the results with earlier results
with TiO2 agglomerateswith different propertiesmeasuredby Ihalainen
et al. [15] (Fig. 6). The bounce behavior of the different agglomerates
depended strongly on the type of the agglomerate. With the magnetite
particles, the bounce fraction reached itsminimum at the second lowest
impaction energy. As the energy was increased beyond this, the bounce
fraction increased. At the lowest impaction energy, the bounce fraction
was at a higher level. First, decreasing and then increasing trends were
also observed with the TiO2 agglomerates of smaller primary particle
size. However, with TiO2 agglomerates, the bounce fraction was signifi-
cantly lower than with the magnetite agglomerates. With the reference
case TiO2 agglomerates, the bounce fraction increased monotonically.

The TiO2 agglomerates with a higher degree of sintering displayed
high and quite even bounce fraction throughout the energy range. To
be able to analyze the differences between these cases, one has to first
separate the non-fragmented bounced particles from the particles that
fragmented during the impaction.

The bounce fractions of the non-fragmented and fragmented mag-
netite agglomerates are shown in Fig. 5b and in Fig. 6 for TiO2. The de-
agglomerated fractions of the bounced magnetite particles increased
as the impaction velocity increased. In addition, the non-fragmented
particles were dominant at the lowest velocity, and their fraction
decreased at the higher impaction velocities, however, still giving a sig-
nificant contribution to the mass fractions of the bounced particles. The
non-fragmented bounced particles were also dominant with TiO2

agglomerates in the cases of smaller primary particle size and a higher
degree of sintering. With the reference TiO2 case, no non-fragmented
bounced particles were observed. The geometric mean diameters
(GMD) of the bounced particles are presented in Fig. 7. The results
indicate that the GMD values followed a decreasing trend as the impac-
tion velocity increased in all of the cases. The GMDs of the magnetite
were approximately 200 nmat the lowest velocity, andwith the highest
velocity, the GMDs decreased to the value of 100 nm. The TiO2 agglom-
erates of the reference and smaller primary particle size cases
fragmented to smaller pieces, whereas the sintered TiO2 agglomerates
were found to be somewhat larger at the mid impaction energies.

In the TiO2 reference case, the total bounce fraction increased with
the impaction velocity. This monotonic behavior was not found in the
other cases of TiO2 or iron oxides. The plausible reason behind this is
the transition from the non-fragmented particles to fragmented
particles. The fragmentation, which is a plastic process, reduces the en-
ergy available for the bounce. More importantly, the fragmentation of
the agglomerate affects the particle–surface interaction. More primary
particles may have a contact with the impaction surface due to the de-
formations increasing the adhesion between fragments and the surface.
Another process which will affect the results is the plastic deformation

Fig. 5. a) The total mass fractions of the bounced magnetite and TiO2 [15] agglomerates. b) Mass fractions of the bounced magnetite particles divided to non-fragmented and fragmented
particles.

Fig. 6.Mass fractions of the bounced a) reference TiO2 agglomerates, b) sintered TiO2 agglomerates and c) TiO2 agglomerates with smaller primary particle size [15].
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of the primary particles which would enhance the adhesion between
the agglomerate and the surface.

With the reduction of primary particle size, the bounce fractions
significantly decreased with the TiO2 agglomerates. In the case of TiO2

agglomerates, the primary particle size did not have a strong effect on
the fragment size implicating that the fragmentation process may
have been similar in both cases. Thus, it may be assumed that the
bounce fractions decreased because of the decreased primary particle
size with TiO2 agglomerates.

3.2.2. Copper
The copper particles were impacted only at the highest velocity;

however, no significant particle bouncing was observed. The projected
area equivalent size distributions analyzed from TEM micrographs of
the deposited and intact particles are shown in Fig. 8a. Fig. 8b shows
that only small fragments disintegrate from the intact agglomerates.
This produces a bimodal distribution of large and small deposited parti-
cles. The estimated adhesion,maximum force and charge transfer based
on the material properties of the copper and surface material Al are be-
tween or close to those of magnetite, TiO2 and Al (Table 2), suggesting
that the material properties of Cu are not the reason for the non-
bouncing behavior of the copper particles. With the TiO2 agglomerates
of smaller primary particle size, low bounce fractions were also ob-
served. This would suggest that the smaller primary particle size is the
key factor for this behavior. However, with the magnetite particles,
the bounce fractions were high even though the primary particle size
was close to that of the copper agglomerates.

The impaction velocity should be close to the values of themagnetite
particles at the highest impaction velocity, approximately 250 m/s;
however, the impaction energy would be roughly approximately 60%
of the impaction energy of magnetite's maximum kinetic energy, as
the mass of the copper agglomerate should be smaller than that of
magnetite. This estimation was based on the evaluation of the masses
of agglomerates of two different particle sizes and bulk densities of
the agglomerates (150 nm and 9.0 g/cm3 for the copper and 250 nm
and 5.2 g/cm3 for the magnetite) with the same primary particle size

and fractal dimension of 2. Although this is just a rough estimate, it
reveals that the impaction energy of copper agglomerates is within
the same range that was used for the magnetite agglomerates, and
thus, bounce was anticipated to occur.

One potential factor could be the agglomerate size.While the electri-
cal mobility of the agglomerates of the other materials was 250 nm, the
electricalmobility of the copperwas only 150 nm. However, determina-
tion of the exact processes and reasons why the bounce fractions of the
copper and TiO2 agglomerates with smaller primary particle are much
lower than those in the other cases requires further study.

3.3. The effect of the impaction plate material

The magnetite and TiO2 particles were impacted onto different im-
paction surface materials at velocities 250 and 180 m/s, respectively.
The TiO2 particles were impacted onto Al2O3, Ti, Ag and Cu surfaces. In
addition to these surfaces, the magnetite particles were impacted onto
iron oxide surface.

The results of the bounced TiO2 and magnetite particles due to the
impaction on different impaction plate materials can be seen in
Figs. 9–10. For both particle materials, there were only minor changes
in the size of the bounced particles as the impaction plate material
was varied. The GMDs of the bounced and de-agglomerated magnetite
particles were relatively close to each other, ranging from 97 to
106 nm. This variation was even smaller for the TiO2 particles, for
which the GMD ranged from 77 to 79 nm. The mass fractions of the
bounced particles also remained quite constant. Although Table 2
shows that there is a considerable change of the relative adhesion
between different surface materials and each particle material, this
change was not observed in the results for the bounce fraction nor did
the estimated difference in the maximum force affect the particle size
after fragmentation. In addition, the difference in the surface roughness

Fig. 7. The geometric mean diameters (GMDs) of the bounced particles.

Fig. 8. a) The projected area equivalent size distributions of deposited and intact copper agglomerates. b) TEM image of the deposited copper agglomerate.

Fig. 9. The number size distributions of the bounced TiO2 particles with different impac-
tion plate materials.
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of the aluminum and the other surfacematerials did not appear to have
a visible effect on the impaction process.

The results of this investigation indicate that the surfacematerial did
not significantly affect the impaction behavior of magnetite or TiO2

agglomerates. The tested surface materials were selected to have
different material properties. However, the bounce fractions of the im-
pacted particles as well as the resulting particle sizes were similar
with both tested agglomerate materials and all of the tested impaction
surface materials. It has to be noted, however, that we used a relatively
high impaction velocity. It is possible that at lower impaction velocities,
the impaction surface material would have an effect on the impaction
behavior of agglomerates, and the resulting bounce fractions and size
distributions of the fragments.

4. Conclusions

The bounce and break-up of iron oxide (magnetite andhematite) and
Cu agglomerates during inertial impaction was experimentally investi-
gated. The results were compared with those with TiO2 agglomerates.

The total mass-based bounce fraction of the metal oxide agglomer-
ates did not increasemonotonically with impaction velocity. The reason
behind this may be the transition from non-fragmentation to fragmen-
tation as the impaction velocity increased. The fragmentation increased
relative adhesion and energy dissipation due to the plastic deformation,
whichdecreases the energy available for the bounce. This type of behav-
ior was also found for the sintered and small primary particle-sized TiO2

agglomerates. The reference case of TiO2 did display monotonic behav-
ior on bouncing; however, negligible fractions of the bounced particles
were non-fragmented even at the lowest impaction velocity. The copper
agglomerates were not found to bounce in these experiments.

The effect of the impaction surface material was examined by
coating the Al impaction surface with Ti Ag, Cu and Fe. The magnetite
and TiO2 agglomerates were impacted onto these surfaces. Only small
variations were found in the bounce fraction or the size of the particles
after bounce and de-agglomeration. Based on the results, we can con-
clude that the impaction process of magnetite and TiO2 agglomerates
was not affected by the impaction plate materials at the given velocity
range.
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6 General discussion 

6.1 SYNTHESIS OF NANOPARTICLES WITH THE POROUS TUBE 

REACTOR 

The porous tube reactor (PTR) was designed and tested in Paper II. This 

reactor enables the gas-phase synthesis of nanoparticles with controlled 

oxidation in a continuous one-stage process. The synthesis in this reactor 

is based on the atmospheric pressure chemical vapor synthesis (APCVS) 

method (Miettinen et al., 2011). Ordinarily, the APCVS method is used 

under reduced pressure or vacuum and is referred to as chemical vapor 

synthesis (CVS) (Chang et al., 1994c). The use of reduced pressure in CVS 

yields small, non-agglomerated particles. However, this method can 

suffer from a low yield, and the use of vacuum techniques can be a 

problem. No vacuum techniques were used in the PTR. This simplifies the 

system and reduces the maintenance costs, an advantage for industrial 

scale-up. The nanomaterial yield in the PTR depends on the amount of 

precursor. The precursor feed system consists of a saturator and a feeding 

probe, both of which are maintained at a constant temperature, enabling 

good control over the precursor feed. The feeding probe ensures that the 

precursor vapor remains at a sufficient temperature and that the precursor 

decomposition process does not begin before the precursor enters the 

heated zone of the reactor. In this way, the reactions between the precursor 

and other gases begin at the correct atmosphere and temperature in the 

PTR reactor. The development of the feeding system used in the PTR 

(Paper II) was informed by the results of Paper I. For example, the feeding 

system in Paper I encountered problems such as fouling. 

In CVS, the production of nanoparticles is based on supersaturation, 

which is achieved via chemical reactions, such as thermal decomposition 

(Swihart, 2003). There are many different ways to mix precursor vapor and 

the reacting gas or gases in the reactor, and even the precursor carrier gas 

can be used as the reacting gas (Chang et al., 1995). More often, the 

precursor vapor and the reacting gas, such as oxygen, are mixed in the 

reactor or just before the reactor inlet as in Paper I. However, in this type 
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of mixing, the reacting gas can react with the precursor vapor before the 

mixture enters the heated reactor, leading to unwanted reaction species 

and fouling. A strong temperature profile also develops in traditional hot 

wall reactors that can cause problems including fouling and non-

homogeneous final products due to the spatially dependent reaction rates 

of the precursors. Moreover, an unsuitable mixing geometry leads to 

inadequate mixing that later disturbs the synthesis. In the PTR (Paper II), 

the reaction gas was introduced to the precursor vapor through the porous 

media of the reactor wall. This ensured that the reacting gas made contact 

with the precursor vapor inside the heated zone of the reactor. The 

precursor vapor was fed at the middle axis of the reactor. The precursor 

vapor and reacting gas mixed rapidly as demonstrated by the CFD 

simulations in Paper II. However, an experimental study (Lyyränen et al., 

2004) previously indicated that the mixing in the porous tube diluter is not 

fast. The results of the gas mixing simulations depend on the model used 

in the CFD. Paper II used a k-e model, which can overestimate the mixing 

rate. Thus, the mixing should still be carefully studied when developing 

new PTR designs or similar types of reactors. To ensure the appropriate 

temperature inside the heated zone of the reactor, the reacting gas and 

PTR reactor (with heating belt) were heated to the set-point temperature 

of 600 °C. This should have ensured that the proper temperature was 

achieved. 

Directing the flow through the porous material in the PTR protects the 

reactor wall from particle deposition, an additional advantage of the 

system in Paper II. Giesen et al. (2004) used sheath flow parallel with the 

main flow, observing almost no deposition on the wall. No additional 

sheath flow is needed in the PTR, as the reacting gas, which flows through 

the porous reactor wall, acts as a sheath flow. Moreover, the flow of the 

reacting gas is perpendicular to the flow of the precursor gas and assists 

in mixing the gases. In addition, because the PTR has a radial symmetry, 

the reacting gas flows into the reactor symmetrically from the wall to the 

midline of the reactor pipe, while the precursor gas flows directly to the 

center of the reactor pipe. These flow directions minimize the risk of wall 

contamination. 

Ordinary aerosols consisting of synthesized nanomaterials are diluted 

after synthesis to quench the transformation of the material (Lyyränen et 
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al., 2004). However, in the PTR, chemical reactions and dilution occur 

simultaneously. The reacting gas, which in Paper II consisted of a 

controlled amount of N2 and O2, acted as a dilution gas. This dilution 

reduces the concentration of iron monomers and, later, iron polymers and 

iron agglomerates, reducing the rates of collision among these reactants. 

This decreased collision rate decreases the primary particle size, which can 

be observed when comparing the particle sizes obtained in Paper I and 

Paper II. 

 

6.2 FORMATION AND PROPERTIES OF IRON AND IRON OXIDES 

In this thesis, iron and iron oxide nanoparticles were synthesized using 

two different types of reactors, both based on the APCVS method. In both 

studies, Fe(CO)5 was used as the precursor. Fe(CO)5 is a meta-stable 

organometallic compound with a standard enthalpy of formation of only 

-775 kJ/mol (Huber, 2005). Decomposition of the Fe(CO)5 is rapid in the 

experiments in both Paper I and Paper II. In Paper I, thermal 

decomposition occurred in the t-junction (Paper I, Figure 3), while in 

Paper II it occurred at the very beginning of the heated zone of the reactor 

(Paper II, Figure 5), as demonstrated by the CFD simulations. However, 

the decomposition of Fe(CO)5 is a complex phenomenon that can take 

place via several intermediates and by-products (Wen et al., 2007). In this 

thesis (Paper I and II), only the simplest decomposition paths were used 

for the CFD simulations. However, a high temperature ensures that the 

decomposition of the Fe(CO)5 will mainly release Fe and 5 CO. Moreover, 

the only byproduct of the overall reaction is CO, which is known to be a 

highly efficient iron reductant (Mondal et al., 2004).  

Fe released during the thermal decomposition of Fe(CO)5 instantly 

undergoes homogeneous nucleation and particle formation due to the 

very low vapor pressure of Fe. Over this time scale, the iron nanoparticles 

will not have grown to a very large size, with the result that the available 

oxygen will oxidize the entire nanosized iron particles and not only the 

surface (Wang et al., 2005). As mentioned, this is a complex phenomenon 
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that depends on many parameters, such as the precursor concentration 

(Pratsinis and Spicer, 1998). 

The thermodynamic equilibrium calculation in Paper I (Figure 2) showed 

that magnetite and hematite form at a temperature of 1200 °C. However, 

in Paper I, Fe(CO)5 and oxygen were mixed in the t-junction just before 

the reactor at 300 °C, and partial iron oxide formation may occur at that 

temperature. The thermodynamic equilibrium calculation at 300 °C shows 

that an O2/Fe molar ratio above 3.2 yields hematite, while a ratio below 3.2 

yields magnetite. Additionally, a small amount of iron is obtained. These 

results are very similar to the calculations carried out at 1200 °C, with the 

exception that no wüstite formation takes place. In this experimental 

setup, the temperatures rise very rapidly from 300 °C to 1200 °C after the 

aerosol enters the furnace from the t-junction. In Paper II, the precursor 

vapor was carried directly inside the reactor at 600 °C with the result that 

decomposition and particle formation occurred at the same temperature. 

The thermodynamic equilibrium was calculated based on that 

temperature (Paper II, Figure 3). These results are similar to those 

obtained in Paper I. 

The experimental results showed that 99% pure magnetite or hematite was 

synthesized in Paper I, and 97% pure maghemite and pure iron in Paper 

II depending on the process conditions. Production of pure magnetite and 

maghemite indicates that iron oxides have been oxidized inside the 

reactor. If iron oxides were formed outside the reactor, e.g., during 

analysis, the resulting iron oxides should have been hematite or a 

combination of different iron oxides rather than pure magnetite. In Paper 

I, the primary particle sizes were 90 nm and 80 nm for the magnetite and 

hematite nanoparticles, respectively, according to the TEM analysis. 

Meanwhile, aggregate sizes were 110 nm for magnetite and 155 nm for 

hematite. This is consistent with the sintering behavior of the different iron 

oxides, as Forsmo et al. (2008) reported that magnetite sinters at 950 °C 

and hematite at 1100 °C. This means that, while hematite has a higher 

oxidation state than magnetite, it will grow less in a sintering process than 

lower oxidation state magnetite. This results in a smaller primary particle 

size and larger aggregates for hematite. The results in Paper II support 

these findings. In Paper II, the Fe was diluted simultaneously with the 

chemical reaction and particle formation, resulting in a small primary 
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particle size. However, in Paper I, the iron oxide nanoparticles grew via 

coagulation due to the long residence time at 1200 °C. Therefore, the 

primary particle size in Paper I cannot be compared to the size of the 

maghemite in Paper II. Moreover, the synthesis of iron (Paper II) resulted 

in much larger primary particle and agglomerate sizes than maghemite 

produced under the same conditions due to differences in the sintering 

behavior between the iron oxides. Moreover, as the iron nanoparticles had 

strong magnetic characteristics, the particle formation was influenced by 

magnetic forces. This resulted in long chainlike agglomerates as have also 

been observed in other studies (Knipping et al., 2004). However, as iron 

particle formation is also influenced by the magnetic force of the iron 

particle itself, strong conclusions based on the sintering behavior in Paper 

II should be avoided. Nevertheless, the higher oxidation state of the iron 

will result in a smaller primary particle size and larger agglomerates. 

6.3 AEROSOL CHARACTERIZATION AND PROPERTIES 

A novel particle sampling system for toxicological and chemical 

characterization (PSTC) was validated for the sampling of emission 

particles from combustion processes for chemical and toxicological 

analyses (Paper III). The PSTC consisted of a Dekati Cyclone (Dekati Ltd., 

Tampere, Finland), the DGI, a porous tube diluter and a flow control 

system. The PSTC was used to collect samples to study how the efficiency 

of small-scale wood combustion appliances affects the toxicological and 

chemical properties of emission particles (Tapanainen et al., 2012). Jalava 

at al. (2012), Uski et al. (2012) and Happo et al. (2013b) studied the 

toxicological effects of particulate emissions from small-scale wood 

combustion appliances and samples were collected by PSTC. Moreover, 

PSTC has been used to collect samples for comparison of the emissions 

and the toxicological properties of emissions from small and medium scale 

wood and oil boilers (Kaivosoja et al., 2013). Recently, the physico-

chemical and toxicological properties of fine particle emissions were 

studied across various combustion conditions of a biomass combustion 

reactor by PSTC (Leskinen et al., 2014; Uski et al., 2014). 

The novel PSTC was validated in Paper III. Two series of experiments 

were conducted for validation, with HVCI and DLPI used as reference 
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impactors. First, exhaust gas from a diesel engine and pellet boiler 

emissions were used as test aerosols to compare the DGI, HVCI and DLPI. 

Samples were collected for all impactors by equal flue gas dilution. In the 

second set of experiments, the novel PSTC was compared to the HVCI and 

DLPI systems. In this experiment, each system had a different dilution 

ratio. Test aerosols for these comparisons were obtained from a diesel 

engine, pellet boiler, conventional masonry heater and sauna stove. 

In the first experiment, all impactors obtained equivalent PM values for 

diesel engine exhaust as a test aerosol. A small variation was observed in 

the PM1 results, with the HVCI and DLPI systems collecting more mass in 

the upper impaction stage, while the DGI collected more mass in the 

lowest stage (backup filter). The results for the pellet boiler resemble those 

for the diesel engine. In the DGI, the impaction substrates were not 

greased as they were in the DLPI. This can cause particles to bounce from 

the upper impaction stages of the DGI, potentially moving to lower 

impaction stages (Virtanen et al., 2010), which would explain the observed 

variations between impactors. However, the mass size distributions were 

almost the same between the impactors, and the bouncing effect due to the 

lack of grease was much smaller than expected (Paper III, Figure 3). 

Moreover, bouncing is not a problem for the HVCI because it has porous 

polyurethane foam (PUF) collection substrates in the upper impaction 

stages. 

The second set of experiments revealed differences in the physical and 

chemical properties determined by different sampling systems. These 

differences were related to the dilution and sample collection systems. As 

in the first campaign, experiments with the pellet boiler sample exhibited 

slightly higher total PM values with the PSTC than with the HVCI and 

DLPI impactors. Only slight differences in PM1 were observed. HVCI and 

DLPI reported a greater mass of emissions on the upper impaction stages 

but smaller emissions on the lowest stages compared with PSTC. This 

influenced the geometric mass mean diameter (GMMD) values, which 

were smaller for PSTC than for the other impactors. This was also 

observed for the conventional masonry heater and the sauna stove. 

Furthermore, differences in measured total PM and PM1 mass emissions 

were even higher for the conventional masonry heater and the sauna stove 

than for the pellet boiler, with a similar trend. A large amount of 
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particulate matter accumulated on the backup filters during the PSTC 

measurements of samples obtained from the conventional masonry heater 

and the sauna stove. Differences in the PM1 and PM values could result 

from differences in the condensation of organic vapors. The pellet boiler 

emission contained low concentrations of organic vapors (Lamberg et al., 

2011), while the sauna stove and conventional masonry heater contained 

large concentrations of organic vapors (Tissari et al., 2009). Moreover, 

during dilution, condensation of organic vapors in the emissions has been 

shown to depend on the dilution ratio, with a smaller dilution ratio 

increasing the condensation of these vapors into the particle phase (Lipsky 

and Robinson, 2006). For the PSTC, the dilution ratio was clearly smaller 

than the ratio for the HVCI and DLPI. This may explain the differences in 

the PM and PM1 results. Furthermore, the porous PUF substrates that 

were used in HVCI have a greater tendency to collect various gas phase 

components than PTFE substrates used in the PSTC. This may explain the 

findings of higher mass emissions in the upper impaction stages in the 

HVCI compared with the PSTC. Moreover, gaseous organic compounds 

have been sampled with PUF (Hytönen et al., 2009), which is known to 

efficiently collect water vapor (Linnainmaa et al., 2008). 

No major differences were observed between the HVCI and PSTC in the 

main inorganic compounds and other characteristics of the particles 

emitted from wood combustion. However, the different impaction sample 

substrates yielded somewhat different particle extraction efficiencies for 

the HVCI (70%) and PSTC (90%) samples, which may explain some of the 

differences in the chemical composition of the extracted particulate mass. 

For the sauna stove and conventional masonry heater, large amounts of 

polycyclic aromatic hydrocarbons (PAHs) were measured in the 

particulate samples, while the PAH content in the particles emitted from 

the pellet boiler was negligible. The PAH content measured in the particles 

emitted from the conventional masonry heater was lower for the HVCI 

than for the PSTC. However, for the sauna stove sample, much higher 

PAH content was measured with the HVCI than with the PSTC, and the 

genotoxic PAH content was even greater. These differences in the results 

for the conventional masonry heater and the sauna stove may be explained 

by the fact that the porous PUF substrate collects 3-and 4-ring PAHs and 

semi-volatile organic compounds in the gas phase (Kavouras and 

Koutrakis, 2001; Keller and Bidleman, 1984). The PTFE substrates in the 
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PSTC are not susceptible to this potential bias resulting from the presence 

of volatile toxic organic compounds in the particulate samples. Thus, the 

particulate samples collected with the PSTC are well suited for 

toxicological analyses. 

The fragmentation and bounce of the iron oxide agglomerates were 

studied in Paper IV. The behavior of the iron oxide agglomerates was 

compared to that of TiO2 agglomerates. In addition, different impaction 

surface materials were studied to determine the effect of the surface 

material on the impaction. Paper IV studied magnetite and hematite 

agglomerates. While the agglomerates of these two iron oxides were very 

different, as observed in the TEM micrographs, their impaction behaviors 

were very similar. Therefore, only the magnetite results were reported in 

Paper IV. 

Bouncing behavior was studied with four different initial kinetic energies. 

The mass-based bounce fraction of the magnetite agglomerates decreases 

with decreasing impaction energy, reaching its minimum at the second 

lowest impaction energy. With the lowest impaction energy, the mass-

based bounce fraction of the magnetite agglomerates increased slightly. 

For more detailed insight, the mass-based bounce fractions of non-

fragmented and fragmented particles were determined separately. The 

mass-based bounce fraction of the fragmented magnetite agglomerates 

monotonically decreased with decreasing impaction energy. The mass-

based bounce fraction of the non-fragmented magnetite particles 

decreased with decreasing impaction energy except for the lowest energy 

value, where the mass-based bounce fraction increased, dominating the 

overall value of the magnetite mass-based bounce fraction. As impaction 

energy increased, the bounce fraction of the non-fragmented agglomerates 

decreased and the bounce fraction of the fragmented agglomerates 

increased. Similar impaction behavior was also observed for TiO2 

agglomerates in cases where particles were able to bounce intact at the low 

initial kinetic energies. These results suggest that the bounce is strongly 

affected by the fragmentation of the agglomerates. This relationship may 

be due to the increased relative adhesion due to the plastic deformation 

and energy dissipation to the fragmentation process. As a result, less 

energy is available for the bounce. The impaction plate material was found 

to have no measurable effect on the impaction process of the magnetite. 
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6.4 CONCLUSIONS AND FUTURE DIRECTIONS 

The aim of this thesis was to develop a gas phase synthesis method for the 

production of tailored ultrafine magnetic nanoparticles with controlled 

oxidation. The aim was well achieved. The APCVS method was utilized 

for the synthesis of iron and iron oxide nanoparticles with controlled 

oxidation. A novel PTR was developed and characterized for these 

synthesis studies, and the resulting nanoparticles were carefully 

characterized. In addition, the bouncing and fragmentation behaviors of 

the iron oxide particles were studied. An additional aim was to develop a 

sampling method for aerosol particles. For that, an aerosol sampling 

method to collect particulate matter for physico-chemical and 

toxicological characterization was established and validated. 

There were four specific goals of the study which all were well achieved. 

The first goal was the development and understanding of enhanced 

APCVS to achieve better production control. To obtain this goal, the hot 

wall reactor using APCVS method was established. The first reactor 

enables the synthesis of iron nanoparticles with controlled oxidation 

states. Nearly pure magnetite and hematite nanoparticles were 

synthesized using iron pentacarbonyl as a precursor. Iron pentacarbonyl 

offered rapid decomposition, and the only disturbing by-product was the 

conversion of CO to CO2 in the presence of oxygen. Fe released in the 

decomposition of Fe(CO)5 will rapidly undergo homogeneous nucleation, 

resulting in the formation of primary iron particles. The O2/Fe molar ratio 

in the reactor determines the oxidation state of the iron nanoparticles. The 

thermodynamic equilibrium calculations and CFD simulations confirmed 

the experimental results. 

To achieve better production control novel PTR was designed. The PTR, 

based on the APCVS method, offers an alternative method of nanoparticle 

production. Nearly pure iron and maghemite nanoparticles with small 

particle size were synthesized by using the PTR. In the PTR, simultaneous 

chemical reactions and dilution offer advantages including minimized 

risk of wall contamination, good mixing, rapid decomposition of the 

precursor and decreased collision rate. Nucleation, coagulation, sintering 

and agglomeration of the iron nanoparticles were predicted by in-house 
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CFD simulations, which were in good agreement with the experimental 

results. 

The second goal, synthesis of highly pure, magnetic iron and iron oxide 

nanoparticles with controlled oxidation, was achieved with both reactors. 

Nearly pure iron, maghemite, magnetite and hematite nanoparticles with 

controlled oxidation were synthesized by the reactors. Magnetic 

properties were confirmed for the iron and maghemite nanoparticles 

synthesized by the PTR. 

The third goal was to study iron and iron oxide nanoparticle agglomerate 

impaction, bounce and de-agglomeration. The bounce and fragmentation 

of iron oxide agglomerates were studied during inertial impaction and 

compared to the results observed for TiO2 agglomerates. These results 

suggest that the bounce is strongly affected by the fragmentation of the 

agglomerates. In addition, the impaction plate materials were found to 

have no effects on the impaction process of the magnetite. 

The last goal was development of a novel particle sampling system 

suitable for the field measurement of physico-chemical and toxicological 

properties ensuring representative aerosol sampling. To obtain this goal, 

the novel PSTC for aerosol characterization was devised and validated in 

this thesis. The PSTC consisted of a PRD and DGI. Good agreement among 

the DGI, HVCI and DLPI impactors was observed, with only minor 

differences in the mass size distributions of the emitted particles. 

Moreover, when the novel PSTC was compared to the HVCI and DLPI 

systems under different dilution conditions, clear differences were 

observed in the reported physical and chemical properties. Differences in 

these properties can be attributed to the different sample dilution methods 

and sampling substrates, which affected the behavior of semi-volatile and 

volatile organic compounds. Compared to the HVCI, the PSTC offers 

several advantages, such as a compact size enabling field measurements, 

a sufficient sampling flow rate, and easily adjustable dilution conditions. 

Furthermore, the PTFE substrates used in the PSTC are easy to handle and 

prepare, and the extraction efficiency is much higher than in the HVCI. 

In the future, the knowledge gained in this thesis can be used to synthesize 

iron and iron oxide nanoparticles with surface modifications. The PTR is 

a good alternative method that enables improved production of such 
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materials. However, more detailed experimental study of the oxidization 

and crystallization of iron and iron oxide nanoparticles is needed. 

Moreover, researchers should study how magnetic properties affect 

nanoparticle formation. Future studies should be linked to the 

development of more detailed and specific models to predict syntheses 

and products. In this way, models and experimental studies can be 

utilized in the development of new and innovative reactors and 

experimental setups for the synthesis of surface-modified metal and metal 

oxide nanoparticles. 
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