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Abstract 
The widespread use of nanoparticles (NPs) and other potentially ecotoxic chemical 

compounds to enhance the quality of consumer products has raised concern about their fate in the 
environment. Indeed, those products have to be ultimately disposed of and along with them also NPs 
and contaminants could end up in landfills or in facilities where waste and nano-waste, as well as 
biomass products, are stored and/or treated. Among the possible pathways involving their release in 
the environment, this thesis’ focus is in particular on gaseous emissions during two main applications, 
namely waste treatment and bioenergy generation. In this frame, the effect of contaminants is 
considered not only in terms of their toxicity but also in terms of their effect on energy efficiency or 
potential damages caused to the facilities along the process chain. For this purpose, new online and 
offline methods were developed by using hyphenated analytical techniques to achieve complementary 
and superior power of investigation.  
Firstly, the speciation of siloxane compounds were studied during bio-methane production from 
manure and agricultural waste. The samples were collected using a liquid quench (LQ) sampling 
system that concentrates condensable and non-condensable compounds in a liquid solvent in 
continuous contact with the gas probed, for an improved time resolution. The offline investigation 
required a complete method development for the combination of a separation technique, such as gas 
chromatography (GC), and detectors able to provide chemical information. The novelty was 
represented by the simultaneous use of GC with a flame ionization detector (FID) and inductively 
coupled plasma mass spectrometry (ICP-MS), which could fulfill the requirements of recent 
regulations for the specific application, with lower detection limits compared to existing methods. 
Secondly, the fate of zinc oxide (ZnO) NPs were investigated during the combustion of impregnated 
wood, as a model of nano-waste. ZnO was specifically considered because of its use in paints and 
waterproofing agents. The potential release of NPs during nano-waste treatment was investigated 
with an online method that combines an RDD (rotating disk diluter) used as conditioning and 
dilution unit, an SMPS (scanning mobility particle sizer) providing the particle size distribution and 
ICP-MS used as a multi-elemental analytical technique. An initial assessment of the performances of 
the RDD-SMPS-ICP-MS was required, to correct some major assumptions used in the SMPS data 
treatment. The technique was successfully applied even to heterogeneous matrices. The particular 
capability of performing online sampling and simultaneous size-resolved and elemental analysis on the 
off-gases produced during wood combustion was providing the needed insights to verify the predicted 
mechanism of reduction and further re-oxidation of ZnO nano-objects. Thanks to the calibration 
strategy coupling a TGA (thermogravimetric analyzer) with RDD-ICP-MS, a successful 
determination of their concentration was also possible.  
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In conclusion, the development of specific hyphenated techniques was proven to be crucial to improve 
the capabilities of the already existent state-of-the-art methods and to develop new ones that could 
give more insight on the two main scientific questions that were the driving force of this thesis. 

Keywords 

Nanoparticles, nano-objects, nano-waste, contaminants, hyphenated analytical techniques, waste 
treatment, bioenergy processes, wood combustion, biogas, siloxanes, ZnO NPs, GC-ICP-MS/FID, 
RDD-SMPS-ICP-MS, TGA, speciation analysis, size-resolved measurement. 
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Riassunto 
L'uso sempre piú diffuso di nanoparticelle (NP) e di altri composti chimici potenzialmente 

ecotossici per migliorare la qualità di prodotti di consumo ha suscitato preoccupazione in particolar 
modo riguardo il loro rilascio nell'ambiente. Una volta terminato il loro uso, questi prodotti tendono 
a finire in discariche o in strutture dove i rifiuti e i nano-rifiuti, così come i residui di biomasse, 
vengono immagazzinati e/o trattati. Tra le varie possibilità di rilascio e diffusione di agenti 
inquinanti a livello ambientale, questa tesi si concentra in particolare sulle emissioni gassose durante 
due processi energetici, ossia il trattamento dei rifiuti e la generazione di energia dall’uso di biomasse. 
In questo contesto, l'effetto dei contaminanti è considerato non solo in termini di tossicità ma anche 
in termini di efficienza energetica o dei potenziali danni causati alla struttura lungo la catena di 
processo. Per quesro motivo, si è reso necessario lo sviluppo di nuovi metodi diretti (“online”) e 
indiretti (“offline”) in cui tecniche analitiche accoppiate vengono utilizzate per ottenere informazioni 
complementari e un superiore potere investigativo.  

In primo luogo, la speciazione di silossani è stata studiata durante la produzione di biometano da 
letame e rifiuti agricoli. I campioni sono stati raccolti utilizzando un sistema di campionamento di 
liquido di raffreddamento (LQ) in cui i composti condensabili e non condensabili vengono concentrati 
in un solvente liquido in contatto continuo con il gas campionato, per una migliore risoluzione 
temporale. I campioni vengono cosi’ analizzati in un secondo tempo per mezzo di un metodo “offline” 
che combina una tecnica di separazione, come la gascromatografia (GC), a rivelatori in grado di 
fornire informazioni chimiche. L’innovazione in questo caso è rappresentata da un completo sviluppo 
del metodo nonché dall'uso simultaneo di GC con un rivelatore a ionizzazione di fiamma (FID) e 
spettrometria di massa al plasma accoppiato induttivamente (ICP-MS), quest’ultimo in grado di 
soddisfare i requisiti delle recenti normative europee, con limiti di rilevazione inferiori rispetto a quelli 
di metodi esistenti. 
In secondo luogo, l’emissione NP di ossido di zinco (ZnO) è stato studiato durante la combustione di 
legno trattato con NP, come modello di “nano-rifiuto”. ZnO è stato specificamente considerato a 
causa del suo uso in vernici e agenti impermeabilizzanti. Il potenziale rilascio di NP durante il 
trattamento di “nano-rifiuti” è stato studiato con un metodo “online” che combina un RDD 
(Rotating Disk Diluter) usato come unità di condizionamento e diluizione, un SMPS (Scanning 
Mobility Particle Sizer) che fornisce la distribuzione delle dimensioni delle particelle e ICP-MS 
utilizzato come tecnica analitica multi-elementare. In seguito ad una valutazione iniziale delle 
prestazioni del RDD-SMPS-ICP-MS, resa necessaria da alcune delle principali ipotesi utilizzate nel 
trattamento dei dati, questa tecnica accoppiata è stata applicata con successo anche a matrici 
eterogenee. La particolare capacità di eseguire il campionamento “online” e l'analisi simultanea delle 
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dimensioni e degli elementali sulle emissioni prodotte durante la combustione del legno ha fornito le 
informazioni necessarie per verificare il meccanismo previsto di riduzione e ulteriore riossidazione di 
nano-oggetti di ZnO. Grazie ad una particolare strategia di calibrazione per RDD-ICP-MS, ottenuta 
accoppiando ulteriormente un TGA (analizzatore termo-gravimetrico), è stato anche possibile 
determinare con successo anche la loro concentrazione. 

In conclusione, lo sviluppo di specifiche tecniche accoppiate è risultato cruciale per migliorare le 
capacità di metodi avanzati già esistenti e per svilupparne di nuovi in grado di fornire maggiori 
informazioni sulle due principali questioni scientifiche alla base di questa tesi. 

Parole chiave 

Nanoparticelle, nano-oggetti, “nano-rifiuti”, contaminanti, tecniche analitiche accoppiate, 
trattamento dei rifiuti, processi bioenergetici, combustione del legno, biogas, silossani, ZnO NPs, GC-
ICP-MS / FID, RDD-SMPS-ICP-MS, TGA, analisi di speciazione, misura con alto potere di 
risoluzione. 
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 Introduction Chapter 1
This doctoral thesis combines aspects of analytical chemistry and environmental engineering 

for energy applications, in particular for Waste and Bioenergy Technology development. All the ac-
tivities were developed in the facilities of the Chemical Processes and Materials (CPM) group at Paul 
Scherrer Institut (PSI). The general subject of the research group revolves around sustainable re-
sources management but the main contribution regards the development of new materials, the fate of 
valuable or potentially harmful materials in the environment, and the recovery and the reuse of 
waste. 
The motivation of this work is summarized in section 1.1, where the waste to energy concept is 
explained as well as the different processes applied for the valorization of biomass. Waste incinerators 
and biogas production plants were particularly considered as two examples of technologies where still 
a gap remained in terms of analytical solutions to understand the fate of nanoparticles emissions and 
the presence of contaminants throughout the process. 
In sections 1.2 (Goal and Scope), the state-of-the-art characterization methods for those applica-
tions are introduced as well as the concept of coupling of different instruments, so called hyphenated 
techniques, is considered to developed new methods or to improve the performance of already exist-
ent methods to study the speciation and fate of nanoparticles and contaminants during waste treat-
ment and bioenergy processes. Ultimately, this information would be useful to develop environmen-
tally clean technologies.  
Finally, the general structure of the thesis is presented in section 1.3, where also the author’s con-
tribution is enlisted together with the different original publications (reported as superscript notation 
in roman numbers and in full bibliographic reference here below) on which the chapters and some 
section of this introduction are based. 

Material from this chapter has been partially published in: 
(I) Debora Foppiano, Mohamed Tarik, Jörg Schneebeli, Adelaide Calbry- Muzyka, Serge Biollaz and Christian Ludwig, Siloxanes 

compounds in biogas from manure and agricultural waste: Method development and Speciation analysis with GC-ICP-
MS/FID., 2018, in peer-review. 

(II) Mohamed Tarik, Debora Foppiano, Adrian Hess, and Christian Ludwig, A Practical Guide on Coupling a Scanning Mobility 
Particle Sizer and Inductively Coupled Plasma Mass Spectrometer (SMPS-ICPMS), J. Vis. Exp., 2017, (125), e55487, 
doi:10.3791/55487. 

(III) Debora Foppiano, Mohamed Tarik, Elisabeth Müller Gubler, and Christian Ludwig, Combustion generated nanomaterials: 
online characterization via an ICP-MS-based technique. Part I: calibration strategy with a TGA, J. Anal. At. Spectrom., 
2018, 33, 1493-1499. 

(IV) Debora Foppiano, Mohamed Tarik, Elisabeth Müller Gubler, and Christian Ludwig, Combustion generated nanomaterials: 
online characterization via an ICP-MS-based technique. Part II: resolving power for heterogeneous matrices, J. Anal. At. 
Spectrom., 2018, 33, 1500-1505. 

(V) Debora Foppiano, Mohamed Tarik, Elisabeth Müller Gubler, and Christian Ludwig, Emissions of Secondary Formed Nano-
Objects from the Combustion of Impregnated Wood. An Online Size-Resolved Elemental Investigation, Environ. Sci. Tech-
nol., 2018, 52, 895-903. 
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1.1 Motivation  

The Paris agreement was an unprecedented moment in human history regarding climate change and 
the promotion of clean energy technologies. More than 110 countries, which count for almost 75% of 
global emissions, agreed on equally investing in ambitious climate policies. Supporting this vision, 
Barack Obama reported in a policy forum on Science: «analysis of countries’ individual contributions 
suggests that meeting medium-term respective targets and increasing their ambition in the years 
ahead—coupled with scaled-up investment in clean energy technologies—could increase the interna-
tional community’s probability of limiting warming to 2°C by as much as 50% »[1].  
In light of this event, European countries promoted the use of renewable sources and envisioned a 
change in the future energy supply. The Swiss government decided not only to implement the use of 
renewables but also to aim to an increased bioenergy share in the final energy consumption by 
2050.[2] In this frame, the communication and the collaboration among higher education institutions 
was fostered by creating the Swiss Competence Centers for Energy Research (SCCERs).  

Among them, SCCER BIOSWEET (which stands for “BIOmass for SWiss EnErgy fuTure”) focuses 
on the implementation of biomass valorization processes with high technological readiness level by 
exploring the limit of existing technologies and by designing better-integrated energy system for the 
use of the different feedstocks. Not only dry biomass conversion but also anaerobic digestion and 
hydrothermal gasification were taken into account. Regarding feedstocks, the use of waste from 
households, food industry, agriculture, and manure was also considered for the production of 
biogas.[2] 

1.1.1 Waste to energy  

Although largely considered as intrinsically with low value and at the end of its life cycle, waste can 
be a source of energy if properly treated. “Ideally, waste management will ultimately turn waste into 
a valuable product (e. g. appropriately treated residue which can be left in a safe landfill for indefi-
nite durations) or recycle it by transforming it physically and/or chemically so that it becomes valua-
ble again as a raw material for new products.”[3] 

The waste and the biomass valorization usually starts with pre-treatment methods, such as mechani-
cal separation, and it is followed very often by a thermal treatment, which has to be optimized ac-
cording to the solid fuel’s physical and chemical characteristics, such as gross calorific value (GCV), 
moisture content, ash content, bulk density, and particle size. [4]  
Waste can be classified into two main categories according to their GCV: 

i. High calorific value (e.g. wood, paper, cardboard, plastic foils, and packaging) 
ii. Low calorific value (e.g. humid organic waste, minerals, and metals) 

  



1. Introduction 

3 

1.1.2 Valorization of biomass with high calorific value V 

Wood or waste wood is a good example of biomass with high GCV. Value added-chemicals can be 
efficiently obtained from its main constituents (i.e. hemicellulose, cellulose and lignin) by discrete 
degasification. As shown in figure 1.1-1, the thermal degradation starts at 200°C for hemicellulose, 
between 300 and 400°C for cellulose and reaches 500°C for lignin, the most stable. Since their ther-
mal stabilities overlap and significantly differ in decomposition rates - especially between hemicellu-
lose/cellulose and lignin- the process has to be controlled by carefully selecting temperature (possibly 
in different steps), heating rates and gas-solid residence times.[5] After an initial drying step to ho-
mogenize the fuel and get rid of moisture, the biomass thermochemical conversion can be generally 
divided into low-temperature and high-temperature treatments.  

 
 

Figure 1.1-1 Fuels and value-added chemicals in staged degasification. Source : [5] 

The torrefaction is one example of the first kind; it is normally carried out under atmospheric condi-
tions in absence of oxygen, around 150 and 300°C. The main purpose is the removal of oxygen-
containing compounds out of the biomass, not only to destruct the fibrous structure but also to in-
crease the calorific value. Pyrolysis, instead, is operated between 300 and 600°C and it is the first 
stage of solid degradation, in which condensable volatiles, permanent gases, and char are produced. 
Often it is followed by a secondary pyrolysis in which thermal cracking, re-polymerization, and re-
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condensation between the products occur. The gasification is a partial oxidation of the carbonaceous 
feedstock above 800°C. The syngas (i.e. CO, H2) obtained can be used to produce methanol and hy-
drocarbons or directly used for many applications, such as turbines and engines. 
The combustion includes the main oxidation step, where the bio-syngas is the result of former pro-
cesses prior to oxidation. The most important parameter to control during the process is , the oxy-
gen equivalent ratio added, which must be sufficient to ensure a full conversion of the combustible 
parts of the fuels, even though other options are possible, e.g. purification using H2O. Ideally, each 
step should be optimized for a specific solid fuel and a specific technology employed for its valoriza-
tion.  

The technologies widespread employed in industrial combustion are bubbling and circulating fluid-
ized bed furnaces, fixed-bed (grate) furnaces, and dust burners. [4] During disintegration of the or-
ganic fraction, not only tars, gases and chars are generated, but also inorganic volatile fraction, in-
cluding alkali metals and chlorides while heavy metals are normally emitted at higher temperatures.  
Upon precipitation, from the inorganic volatile fraction, the ashes are formed. The most common 
techniques used for ashes removal are  settling chambers, cyclones/ multi-cyclones, electrostatic pre-
cipitators, baghouse filters, scrubbers, and panel bed filters, as well as flue gas condensation units.[4] 
In nowadays waste incinerator plant (WIP) the emissions are significantly reduced thanks to air pol-
lution control (APC) that includes normally not only the ashes separators mentioned beforehand, but 
also DeNOx system based on the selective catalytic reduction (SCR) technology for the removal of 
nitrogen oxides as well as other gaseous species (e. g. dioxins, furans, mercury, acidic gases, volatile 
organic compounds). In woody biomass combustion plant normally pre-separator, such as a cyclone, 
are installed before the final dust separator, as shown in Figure 1.1-2, where a schematic of a large 
burner with moving grate is represented. Ashes can be divided into three different types: 

i. Bottom ashes, which are immediately lost in the primary chamber; 
ii. Fly ashes, collected in the APC; 
iii. Fugitive ashes, which deposit in the stack after passing the APC. 

 

The APC residues often present enrichment in volatile compounds and in nutrients as well as toxic 
heavy metals, which might pose a treat for their disposal. For this reason, their chemical composition 
and physical properties must be determined.[6] Regarding physical properties, such as grain size, a 
detailed schematic of the mechanism involving ash formation is reported in figure 1.1-3, where it is 
shown that particles between 0.01 and 200 µm are generated. 
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Figure 1.1-2 Schematic of a moving grate furnace [4] 

 

 

Figure 1.1-3 Schematic of ash formation from biomass during combustion, adapted from reference [7]  

Particles are typically classified according to their aerodynamic diameter, which is defined as «the 
diameter of a sphere of density 1000 kg m-3 with the same settling velocity as the particle of inter-
est».[8] Figures 1.1.-4 represent the main classes of atmospheric particles and their formation and 
coagulation mechanism, which we assumed here similar in the case of combustion generated particles. 
Coarse particles generally include particulate matter with an aerodynamic diameter between 2.5 and 
10 µm (PM2.5-10), while fine particles have diameters below 2.5 µm (PM2.5). UFP (ultrafine particles) 
which are normally generated during combustion of fossil-fuels or by condensation of gas phase spe-
cies into nucleation and Aitken modes. The first mode normally indicates newly formed particles with 
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a limited growth, which can often act as « seeds » for coagulation of other gas species. The Aitken 
mode instead includes recently formed particles actively coagulating among each other. The life-time 
of such a particle can be shorter than coarse particles and it is regulated not by the particle mass but 
by the particle number. [9] The International Organisation for Standardisation (ISO) additionally 
defines particle with size range between 1 and 100 nm as nanoparticles (NPs) or more generally as 
«nano-object with all three external dimensions in the nanoscale»[10] 
In the early 2000s, a survey was published on the health impact of the average PM2.5, showing how 
particles in this size range have a direct connection with lung cancer and respiratory mortality.[11] 
Another study reported that even within the same size class the transport of NPs to human lung 
fibroblast can anyway vary a lot.[12] In the case of particles between 25 and 50 nm, the tendency to 
rapidly form larger agglomerates can limit the diffusion through the organism, while particles be-
tween 250-500 nm are mostly unagglomerated. Furthermore, not only the size but also the chemical 
composition and morphology of NPs or nano-objects affect the inflammatory response. For example, 
Dandley et al. showed that reduced fibrosis is associated with Al2O3 coated carbon nanotubes when 
compared to an acute pulmonary response that is visible for in-vitro human cells and mice after ex-
posure of carbon nanotubes, if they are coated with ZnO.[13] 

 

Figure 1.1-4 Main classes of atmospheric particles; the major formation and growth mechanisms are also reported The 
four main modes are shown for particles with different particles size: nucleation, Aitken, accumulation and coarse mode 
for ambient particles. V = volume, Dp = particle diameter. [9] 
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1.1.2.1 Emissions from waste incinerator plants 

Engineered nanoparticles (ENPs) and nano-objects (NO) are widely used in many applications such 
as motor- or vehicle- related products, electronics, paints, coatings and adhesives, household prod-
ucts, and personal care and cosmetic products. Therefore, the release of such nanoparticles from 
waste incineration and combustion processes has grown in importance. During waste combustion, 
metallic ultrafine particle emissions have been reported (dominated by K, Ca, Mg, Na, Fe, and 
Zn)[14] but their fate in waste treatment processes is poorly understood and not well investigated. 
The implementation in the last decades of APC in modern WIPs has been crucial to significantly 
reduce the release of ultrafine particle in the atmosphere. A study carried out by various institutions 
in Switzerland focused on the fate of NPs intentionally added to the feedstocks in WIPs., where a 
large part of NPs added (in form of CeO2) was remaining in the bottom ashes.[15] This observation 
was considered a sufficient prove of the non- significant occurrence of NPs in emissions from WIPs, 
which is any case not considering either the fact that for sludge and wood incineration mainly fly 
ashes are produced[16] or the fact that decisions for the ashes disposal are required[6]. More im-
portantly, the occurrence of unintentionally produced nanomaterials cannot be excluded. The so-
called incidental nanoparticles may volatilize in the incinerator during incomplete combustion pro-
cesses and they can re-form after filtration of the flue gas, as represented in Figure 1.1-5.[17] Moreo-
ver, new nano-objects can be formed also as result of disaggregation of the already present nano-
object and re-formation of new nano-sized compounds and materials.[18] Therefore, it is more accu-
rate to consider not only the presence of ENPs but also two other main sources of nano-objects in the 
feedstocks, namely “bulk-derived nano-objects and combustion-generated nano-objects. Bulk-derived-
NO are defined as the nanosized fraction of bulk materials (e.g., pigments), while combustion-
generated-NO are nanosized particles unintentionally produced in incineration processes”.[16] 

 
Figure 1.1-5 Schematic of unintentionally produced nanomaterials or so-called incidental nanoparticles (INPs) in a waste 
incinerator. Adapted from reference [17] 
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Depending on their surface area, the evaporation temperature of metal ENPs is significantly lower 
than that of the respective bulk material. However, when heterogeneous reactions and agglomeration 
occur during combustion, a generally decreased surface area of nanoparticles allows lower tempera-
tures of evaporation. Moreover, the stability of metal ENPs is enhanced for the oxidized form, known 
to be less soluble and with a higher flash point than the corresponding metal. Therefore, certain met-
al oxide ENPs such as cerium oxide have a higher tendency to remain in the bottom ashes without 
being volatilized during incineration.[19]  
Regarding the matrix effect, Jakob et al. showed how thermal treatment of fly ashes, involving ther-
mochemical reactions of the heavy metals with other constituents (e.g. alumino-silicates, alkali metals 
chlorides and carbon species), provoke their evaporation.[20] 
Zinc oxide is one of the relevant metal oxide NPs regarding significant exposures [21,22] and it is 
often contained in paints and impregnation or waterproofing sprays, which are used for wood preser-
vation. Particular redox conditions could influence the evaporation of zinc since it can be reduced in 
the presence of carbon from its oxide to its metallic state, which evaporates at a much lower temper-
ature.[23] Thus, zinc represents an interesting example of unintentionally produced nanomaterials 
during the combustion process, in which a large amount of carbon is present. Generally, the volatility 
of Zn decreased in the presence of oxygen and water but is strongly enhanced in presence of C con-
tained in the feedstock, leading to the increase in volatility from 20% at 750 °C to 100% at about 
950-1130 °C.[24] The presence of Zn in waste wood combustion off-gases was measured by an online 
elemental analysis of process gases, performed with ICP-OES (inductively coupled plasma optical 
emission spectrometer).[25] Furthermore, data from several studies have been identifying a Zn-
enrichment in the fraction of fine particles;[26] while in these studies the particle size distribution was 
measured on-line, the chemical composition of the collected fly ashes was determined off-line.  

1.1.3 Valorization of biomass with low calorific value I 

The organic fraction from municipal solid waste or agricultural waste and manure are examples of 
biomass with low calorific value, which can be mixed to solid fuel with high GCV to control the 
combustion process or more often require a different type of treatment rather than combustion. 
Composting techniques have been widely used for centuries and they gradually evolved from aerobic 
to anaerobic digestion to recover biogas. 
Biogas production in Europe has been consistently increasing up to 18 billion m3 methane (654 PJ) in 
2015, in the frame of renewable energy policies. With 127 TJ of heat and 61 TWh of electricity deliv-
ered in 2015 and 17’400 biogas plants installed, the EU is currently the world leader for biogas pro-
duction for generation of heat and electricity.[27] According to a recent estimation, a profitable in-
vestment would be reached only if administrations (at governmental level) would provide about 20–
50 €MWhe

-1 in biogas for power generation, and 15–25 € MWh-1 for the production of purified bio-
methane, that can be directly introduced in the gas grid.[28]  
As mentioned before, biogas can be recovered through anaerobic digestion of different biomass 
sources and waste, such as sewage, municipal, agricultural, food waste, and manure. Even if tradi-
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tionally used as fertilizer, manure digestion is beneficial not only to the environment by lowering 
methane (CH4) and carbon dioxide (CO2) emissions to the atmosphere, but also to humans and ani-
mals by removing pathogens, avoiding water contamination, and mitigating odors. With the further 
advantage that, since the level of nutrients in the digestate remains the same, it can still be used as 
fertilizer.[29] Numerous studies have also shown that the use of food waste and in general biomass 
with high content in proteins, fat, and carbohydrates lead to higher biogas yields. [30] 

1.1.3.1 Siloxane compounds in biogas 

Although mostly composed of CH4 (60-70%) and CO2 (30-40%), the remaining constituents of biogas 
are often the cause of corrosion damages to the industrial plants and facilities. The most relevant 
impurities are nitrogen, oxygen, hydrogen, aromatic hydrocarbons, alkanes and alkenes, halogenated 
compounds, and volatile organic carbon (VOC) including sulfur compounds and organic silicon com-
pounds (or siloxanes).[31] Siloxane compounds are employed in hygiene products, shampoos, cosmet-
ics, detergents, and lotions. They can be linear or cyclic, in which case they are indicated with either 
the letter L or D, respectively. The number following the letter indicates the amount of Si atoms 
contained in the molecule.[32,33] While normally non-reactive or corrosive, these semi-volatile com-
pounds can turn into abrasive silica (SiO2) at high temperature and pressure conditions in an en-
gine’s combustion chamber. Solid oxide fuel cells (SOFCs) are also highly susceptible to the presence 
of siloxanes, even in trace level (ppbv).[34–36] The mechanism, suggested by post-mortem analysis on 
the cell, consist of silica deposition at the inlet of the fuel channel and on the anode side, creating an 
insulating layer that leads to higher ohmic resistance and rapid degradation.[37] Such a deposition 
occurs also on engines surfaces or in microturbines, which are increasingly used in Europe thanks to 
small exhaust quantities and perfect suitability to methane. Maintenance time for removal can reduce 
the normal operating hours from 20’000-40’000 to 14’000 only.[38] Silica deposition can affect also 
domestic appliances by increasing the flow resistance in heat exchangers. In gas-fired flow-through 
hot water heat exchanger, higher flow resistance means lower air intake, hence a potential threat for 
users due to higher emissions of CO with time.[39]  
Although siloxanes are largely considered non-toxic for humans and environment, an extensive survey 
by Mojsiewicz-Pieńkowska and Krenczkowska presents the evolution of consciousness on siloxanes 
exposure over the last 70 years. Because of their physicochemical properties, these compounds can be 
hardly replaced. However, properties such as the degree of polymerization, molecular weight, volatili-
ty, and lipophilicity are precisely the ones allowing migration into and accumulation in the organism. 
The effects caused upon absorption should be analyzed for each specific compound and not for the 
overall class.[40] Although concerns on siloxanes toxicity were raised only 20 years ago, the REACH 
(Registration, Evaluation, and Authorisation of Chemicals) has already defined D4 as “a persistent, 
bio-accumulative, and toxic (PBT) and very persistent and very bioaccumulative (vPvB) substance” , 
while D5 “meets the Annex XIII criteria for both a persistent (P) and a very persistent (vP) sub-
stance in water and sediment, and a bioaccumulative (B) and very bioaccumulative (vB) 
substance”.[41] Regarding gaseous emissions, rather than their persistence in the atmosphere, the 
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effect on the environment is prominently faced as deposition on the lithosphere and hydrosphere. 
Almost 200 tonnes of siloxanes are released every year in the environment, only in the United States. 
On the matter, most of EU Member States adhered to the ECHA (European Chemical Agency) re-
port banishing from the markets personal care product with D4 “concentrations equal to or greater 
than 0.1% by weight„.[42] EURAMET (the European Association of National Metrology Institutes) 
set the maximum level of total silicon content to 0.5 mg m-3, under normal conditions, while recom-
mended levels are between 0.1 mg m-3 and 0.3 mg m-3, levels which are often not reached by available 
methods. [43] In the frame of the European Metrology Program for Innovation and Research (EM-
PIR), several institutions among Europe have been investing “for the development and drafting of 
standardized test methods for biomethane and upgraded biogas to fill this void„. 

1.2 Goals and scope of the thesis 

This thesis is focused on the need of developing new analytical methods for online and offline analysis 
of gases produced during biomass valorization. Figure 1.2-1 is summarizing the different operational 
steps involving the reuse of waste/nano-waste and biomass, already explained in the motivation 
(section 1.1) of this thesis.  

 
Figure 1.2-1Graphical concept summarizing goals and scope of the thesis.  

( =potential sampling point of interest, APC=air pollution control system) 
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Two different types of feedstocks were considered, namely ZnO impregnated wood (as a model of 
nanowaste) and a mixture of agricultural waste and manure. Their valorization processes were chosen 
according to their calorific properties, so in the first case, a combustion treatment was applied while 
is the second, the most suitable process was anaerobic digestion for the production of biogas. The 
potential sampling points of interest are indicated in Figure 1.2-1 with a 7-point star. Among them, 
only the three corresponding to the following gas fractions were selected: 

a) Gas emitted after processing, before the gas cleaning and conditioning unit; 

b) Gas emitted after processing, after the gas cleaning and conditioning unit; 

The online and offline analysis on these two fractions can be crucial to understand the fate of con-
taminants and improve the existent technologies. Therefore, the goal and scope of this thesis are di-
vided into two main subsections regarding, first, the online measurement of NPs emissions from com-
bustion processes of waste wood (a), and second, the method development for the analysis of siloxane 
compounds in biogas (a and b). For a better understanding of the novelty in this study, the main 
analytical methods and techniques commonly used for the two applications are also introduced and 
compared. 

1.2.1 NPs emission in combustion processes: on-line characterization 

1.2.1.1 Characterization of particles in aerosols II, III 

In numerous fields, the characterization of particles in aerosols - including the determination of chem-
ical composition and size distribution - is an important issue. A variety of analytical techniques to 
determine particle properties is used in different environmental, industrial and research applications, 
such as measuring/monitoring air-borne or combustion-emitted particles, characterizing synthesized 
engineered nano-objects, and studying their health and environmental effects. 

On one hand, the size information of gas-borne particles and particles in suspensions is conventional-
ly gained by using different particle sizers, such as Aerodynamic Particle Sizer (APS), Dynamic Light 
Scattering devices (DLS), electrical low-pressure impactor (ELPI) or a Scanning Mobility Particle 
Sizer (SMPS).[44–50] The latter - well- established aerosol measurement tool - consists of two parts, 
a Differential Mobility Analyzer (DMA) and a Condensation Particle Counter (CPC), mounted in 
series. The first one allows the classification of the aerosol particles according to their mobility diam-
eters by varying the voltage between two electrodes in an air stream. In the CPC, entering nanopar-
ticles act as condensation nuclei to form "large" droplets that are then optically counted.[51] The 
SMPS output data represent size-resolved number information about the measured particles and are 
given as Particle Size Distributions (PSD). On the other hand, the chemical characterization of gas-
borne particles and particles in suspensions is usually performed offline.[52] An appropriate collection 
and sample preparation procedure is required prior to the analysis. Such offline investigations usually 
include the application of a spectroscopic technique, such as Inductively Coupled Plasma Mass Spec-
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trometry (ICP-MS). This is an established method in element and trace- element analysis of liquid 
samples with very high sensitivity and low detection limits.[53] Other surface and/or bulk analytical 
techniques are used either to achieve a complete characterization and/or to gain more information 
about the particle characteristics. Imaging techniques, such as Scanning Electron Microscopy (SEM) 
and Transmission Electron Microscopy (TEM), are widely used for this purpose.[54,55] 
In the last decades, online studies had prevalently preferred a mass spectrometry-based techniques, 
such as the aerosol mass spectrometer (AMS), which provides information about size class and mo-
lecular composition for the characterization of mainly organic compounds.[56,57] However, the com-
plexity of those mass spectra often requires accurate molecular databases and high-resolution MS or 
tandem MS-MS. The use of ICP-MS, instead, is significantly improving the determination of 
ENPs[58], particularly as single particle measurement (sp-ICP-MS) on monodisperse particles in sus-
pensions[59,60] or environmental liquid samples with very low particle concentration, which has be-
come possible thanks to pre-concentration methods (like cloud-point extraction) or separation tech-
niques in combination with the new ICP-MS generations, in which the dwell time is in the order of 
few tens of microseconds.[61–63] To simultaneously gain time-resolved chemical and size information, 
two different analytical techniques, such as SMPS and a plasma spectrometric technique, can be 
combined in one setup. [64] This online measurement concept can avoid problems related to sample 
collection, preparation, and offline analysis procedure. A short overview of previous attempts to de-
velop such a combined setup was reported by Hess et al.[65] In this specific case, the use of ICP-MS 
for aerosol application can ease the detection of inorganic particles and their discrimination during 
multi-component system analysis.[65] In order to obtain information not only about the chemical 
composition but in term of concentrations of the analyzed species, a calibration of the setup is re-
quired.  

An appropriate calibration strategy of the SMPS -ICP-MS could be the coupling with a TGA (ther-
mogravimetric analyzer) to correlate linearly the weights loss measured by TGA with the ICP-MS 
intensities. The previous attempt of this sort of calibration was applied to ICP-OES  signals by Lud-
wig et al. in a study which mainly focused on “inorganic high-boiling-temperature substances”, oth-
erwise not easily measurable with a simple TGA-MS (mostly used to detect gaseous organic prod-
ucts).[66] The particles generated into the TGA were transferred to the detector with the use of a 
condensation interface (CI). The CI was making it possible to analyze heavy metals present as a va-
por compounds in a hot gas with a detector operating at room temperature, by quenching and dilut-
ing a representative fraction of the analytes into the carrier gas (argon).[67] In our case this function 
can be performed with an RDD (rotating disk diluter), that not only allows adjusting finely the dilu-
tion factor applied but also acts as a reliable sampling unit for the diluted gases into the setup, 
avoiding possible condensation phenomena and losses.[68] 

1.2.1.2 On-line time resolved elemental analysis (RDD-SMPS-ICP-MS) for combustion studies (IV, V) 

Quantification and characterization of nanomaterials are becoming crucial to determine the fate and 
concentration of ENPs in environmental samples. As mentioned before, the possibility of using ICP-
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MS for that purpose has so far been extensively exploited, leading to its prevalent use in single parti-
cle mode for the determination of ENPs in concentration levels close to part-per-trillion (ppt).[69] 
The detection of particles is performed by acquiring transient signals with millisecond dwell times or 
even microsecond for an improved resolution and working range.[70] Certainly, the possibility of ac-
quiring multiple isotopes in a short time represents one of the main points of interest, in particular in 
the determination of complex particle structure, e.g. with core-shell structure. Multiple elements de-
tection is possible thanks to an improved nebulization efficiency using a micro-droplet generator or 
by employing a modified ICP-MS, like the prototype of ICP-Time-of-Flight spectrometer (ICP-TOF-
MS) presented by Borovinskaya et al.[71–74]. Some limitations arise for the presence of naturally-
occuring-nano-materials or if the concentration of dissolved analytes lie above the (ppt) level, for 
which different fractionation or separation techniques have been combined in the past (e.g. asymmet-
ric flow field-flow fractionation, filtration, coupling with ion-exchange resin cloud point extraction, or 
capillary electrophoresis, etc.).[62,63,75–77] Although initially conceived for atmospheric chemistry 
and detection of aerosol particles, sp-ICP-MS is moving towards becoming the leading routine analy-
sis for the characterization of metal-containing nanomaterials principally in aqueous dispersion[78], 
with size detection limits down to few nanometers estimated for more than 40 elements.[79] 
Other online techniques normally employed in aerosol research for the analysis of nanoparticles are 
either specifically optimized for atmospheric metal detection in a very low concentration range[80], or 
particularly focused on organic gaseous emissions employing soft ionization techniques like HR-AMS 
(High-Resolution Aerosol Mass Spectrometry) or HR-TOF-AMS (High-Resolution Time-of-Flight 
Aerosol Mass Spectrometry)[81], which can only be applied to non-refractory materials (only for boil-
ing points below 600°C due to instrumental limitations). The use of SP-AMS (Soot- Particle Aerosol 
Mass Spectrometry) or SPI-TOF-AMS (Single-Photon Ionization Time-of-Flight Mass Spectrometry) 
presents major advantages in case of combustion emissions, such as the possibility to follow the 
transformation of primary organic aerosols (POA) occurring in the atmosphere and their impact on 
cloud formation. Also, studying in detail the change in composition and concentration of primary and 
secondary volatile organic compounds (VOC) could help to assess improvements in stoves design.[82] 
SP-AMS allows characterizing with high time resolution also metallic compounds even when linked 
to refractory materials, e.g. black carbon (rBC), although a drop in sensitivity for some trace metals 
occur if they are not contained in rBC-aerosol particles.[56] Nevertheless, for all these systems an 
extensive data treatment and availability of fragmentation tables and datasets are required. For rela-
tively high concentration ranges of the analytes of interest and complex heterogenous matrixes, such 
as in combustion emission measurements, the use of an online method focused on metallic or metal 
oxides particles analysis is of particular interest, even more if it involves a faster data treatment. 
Alternatively, the RDD-SMPS-ICP-MS technique is proposed as a robust online analytical tool hav-
ing high ability to provide simultaneously size-resolved elemental and quantitative information with a 
good time resolution. 
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1.2.2 Method development for the analysis of siloxanes in biogas I 

The most widespread sampling methods for siloxanes can be divided into two subclasses if they a) 
include or b) not include analytes enrichment during the process. In the first case, the enrichment of 
analytes occurs through adsorption on a solid (adsorbent tubes) or a solution (impingers). In the sec-
ond case, cylinders, canisters or gasbags are the containers most used for sampling. Sampling meth-
ods should take into account the selection of a representative fraction, short/long-term stabilities, 
and minimization of the losses. Arrhenius et al. suggested that only a combination of different sam-
pling techniques could help to obtain a representative fraction of the biogas, depending on the impu-
rities of interest. In addition, recoveries assessment is always advisable.[83] 

Among offline analytical techniques, GC-MS (gas chromatography-mass spectrometry) has been 
widely used for siloxanes analysis. Cortada et al. compared several methods using GC-MS, from 
which can be noticed a trend towards low limits of detection (LOD) relative to other techniques. A 
few attempts with GC-FID (gas chromatography-flame ionization detector) were also done, resulting 
though in much higher LODs than methods using GC-MS.[84–86] Even though GC-MS has high per-
formance and provides structural information, the chromatogram often suffers from high levels of 
interferences. The combination of GC with element-specific techniques, such as ICP-MS  could result 
in a cleaner chromatogram with improved detection limits and sensitivities, that depend mainly on 
ionization efficiency, isotopic abundance of the element, and reduced/absent interferences.[87] Never-
theless, not many methods using GC-ICP-MS for Siloxane analyses were developed. [88] The use of 
atomic emission detectors (AED) has been reported more often in literature.[43,89]  
The resolution of single compounds is still possible with online techniques, such as PTR-MS (proton 
transfer reaction- mass spectrometer) or PTR-TOF-MS (proton transfer reaction- time of flight- mass 
spectrometer). As the name suggests, hydronium ions (H3O+) are used to chemically ionize each 
compound, which will have its experimental and expected m/z value. Tables can be consulted to 
compare those values for tentative identification. The main limitation of PTR-MS and PTR-TOF-
MS is linked, though, to post-processing data analysis of large data sets (giga-bite h-1).[90–92] 
Semi-online techniques such as FT-IR (Fourier Transform Infrared spectroscopy) and other commer-
cially available online instruments monitor the total Si content, but their detection limits are close to 
or above the maximum level recommended for Si.[93,94]  

1.3 Structure of the thesis 

This thesis is composed of seven chapters and two appendices. In this first chapter (Chapter 1) the 
general motivation and the broad context of this work together with the state-of-the-art techniques 
are reported. The superscript notation with roman numbers in brackets indicate the original publica-
tion on which the chapter or a particular section of a chapter is based and they were already intro-
duced with their full bibliographic reference in the beginning of the thesis and in the first page of this 
chapter. Here below the content of the remaining chapters of the thesis is briefly summarized, as well 
as the author’s contribution.  
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Chapter 2: Methods and experimental I, II, III, IV, V 
The instrumental arrangements and methodologies employed during this thesis are summarized in 
this chapter, together with detailed information about samples and materials used. The instruments 
are singularly explained in their basic theory and also shown in the different couplings used for the 
experiments reported in this thesis. Among them, the most relevant in this work are GC, SMPS, 
TGA, ICP-MS, and the RDD conditioning sampling unit. Additionally, other off-line techniques spe-
cifically used for NPs suspensions characterization, such as DLS (dynamic light scattering), X-ray 
disc centrifuge, and SEM/ TEM, are briefly introduced and explained. 

Chapter 3: Speciation analysis with GC-ICP-MS/FID of siloxane compounds in biogas I 

The purpose of this study was to develop and optimize a method to analyze, simultaneously with 
GC-ICP-MS and GC-FID, the siloxanes concentration in biogas samples from anaerobic digestion of 
manure and mixed organic sources (food, agricultural, manure, and green wastes). The samples were 
collected in a biogas production plant in Switzerland with a liquid quench sampling system (LQSS), 
which concentrates condensable trace compounds from the biogas into a liquid solvent. While GC-
ICP-MS is suitable to reach the specifications required from EURAMET[43], GC-FID can provide 
complementary information on other impurities present in the biogas. The figures of merit and per-
formance of the two methods are compared to each other and with analytical techniques reported in 
literature. 

 The author carried out the method development and the speciation analysis with GC-ICP-
MS, and performed the biogas analyses, the evaluation of the GC-FID method, and the coor-
dination of the research project, as well as taking the lead in the compilation of the first draft 
of the manuscript. 

Chapter 4: Preliminary studies with RDD-SMPS-ICP-MS II, V 

The versatility of RDD-SMPS-ICP-MS coupling is demonstrated in example measurements on three 
different aerosols generated out of a) a salt solution, b) a suspension, and c) emitted by a thermal 
process with three different aerosol generator sources. Particular interest is given to the preparation 
and characterization of NPs suspension, together with initial assessing of the thermochemical behav-
ior in different redox and thermal conditions. 

 The author planned and executed the NPs suspension preparation and characterization as well as 
the experiments on salt solution, suspension, and powders (except for the CuCl2 powder experi-
ment made by M. Tarik). 
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Chapter 5: RDD-SMPS-ICP-MS calibration strategy and resolving power for heterogene-
ous matrices III, IV 

This chapter describes the calibration strategy of the RDD-SMPS-ICP-MS, the figure of merit of the 
method and the comparison between SMPS and ICP-MS data sets. An application assessing the re-
solving power of the RDD-SMPS-ICP-MS setup in the determination of nanomaterial is also present-
ed, in evaporation experiments from a complex mixture of different oxides.  

 The author performed the experiments with the TGA and the RDD-SMPS-ICP-MS measure-
ments, as well as the data treatment and evaluation, and took the lead in compiling the first 
draft of the manuscripts. 
 

Chapter 6: Emission of secondary formed ZnO nano-objects from combustion of im-
pregnated wood IV, V 

ZnO dried particles, beech wood sawdust and, ZnO impregnated sawdust were combusted following 
two different temperature profiles in a lab-scale incinerator. The potential release of ZnO nanoparti-
cles in sawdust samples formed in the reducing process gases was of particular interest. Upon verifi-
cation of secondary formed ZnO nano-objects emissions, the calibration strategy explained in chapter 
5 was employed to obtain quantitative information. 

 The author carried out the incineration experiments and the RDD-SMPS-ICP-MS measurements, 
as well as the indexation of the electron diffraction pattern (under the supervision of E. G. Mül-
ler), the data treatment and evaluation, and took the lead in compiling the first draft of the 
manuscript. 

Chapter 7: Concluding remarks and outlook I, II, III, IV, V 

In this last chapter, the concluding remarks and possible outlook are presented for all the different 
topics discussed in the previous chapters. 
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In this chapter, all the methods and materials used during the thesis are summarized. Each 
instrument is briefly introduced separately in section 2.1, while section 2.2 explains how they were 
hyphenated for the different applications reported in this thesis. The corresponding materials used 
are listed in section 2.3, whereas additional off-line characterization techniques are described in sec-
tion 2.4. The roman number reported as superscript notation indicates the original publications (in 
full bibliographic reference in the first page of this chapter) on which certain sections of this chapter 
were based. 

2.1 Instruments 

2.1.1 Aerosol sources 

2.1.1.1 Aerosol generator (AG) 

An aerosol generator was used to generate NPs in a gas media (in this case argon) starting from liq-
uid solutions or suspensions. The peculiarity of the used atomizer is the injection principle based on a 
two-stream nozzle, placed close by the spray outlet (wall of the glass vessel). This design allows only 
smaller droplets to proceed their way up to the aerosol outlet, while the larger particles impact with 
the wall and ultimately are recovered again in the liquid reservoir. For a better understanding, a 
schematic of the working principle is also shown in Figure 2.1-1. A silica gel dryer is often coupled to 
the outlet of aerosol generator to reduce and control as much as possible the content of water, more 
correctly to lower relative humidity (RH%). 

 
 

Figure 2.1-1 Schematic of aerosol generator ATM 221 representing the nozzle working principle. Courtesy of Topas 
GmbH (Germany).  

2.1.1.2 Thermogravimetric analyzer (TGA) 

In thermogravimetric analysis (TGA) information on the mass of a sample and the loss rate are ob-
tained with high time-resolution during a thermal treatment at defined heating rate or/and at iso-
thermal regime. [95] The further coupling of a TGA with other analytical techniques grants chemical 
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information also on the emitted gas or particles. Ultimately, this acquired knowledge is used to de-
termine specific characteristic of the material or to better understand the decomposition mechanisms 
occurring at a certain temperature, as well as information on the kinetics of a certain reaction. The 
mass of the sample is measured by a highly sensitive balance, while the temperature is carefully mon-
itored with thermo-elements placed in close proximity of the sample, in a protected atmosphere (gen-
erally Ar or N2). For the applications later presented, the TGA was considered as an aerosol source 
used to generate particles during the thermal treatment of solid samples and to obtain precise infor-
mation on their weight loss over time. The TGA/DSC 1, (Mettler-Toledo, CH) presents some ad-
vantages in its design, in particular, an efficient transport of the particles takes place thanks to an 
alumina tube installed in proximity of the sample and directing the exhaust to the outlet of the fur-
nace. Its relative small length and the presence of the alumina disks around it not only  prevent heat 
dissipation but also avoid the transfer of aerosol and deposition phenomena by reducing the dead 
volume of the furnace, especially in the area adjacent to the tube, as it is shown in the Figure 2.1-2 
below. 

 
 

Figure 2.1-2 Schematic of the TGA/DCS 1. Courtesy of Mettler Toledo (CH). 

2.1.1.3 Tubular furnace 

A tubular furnace (Heraeus, RE 1.1) was used as a lab-scale incinerator. The samples were intro-
duced in the furnace either already as an aerosol or as a solid sample in the quartz tube using a boat-
shaped alumina crucible. The tube was kept under argon atmosphere with a defined flow controlled 
by an MFC (mass flow controller). The tubular furnace is considered as a potential source of gas-
borne particles, if they are generated during thermal treatment of a solid sample. The temperature 
gradient into the furnace was monitored with a thermo-couple, measuring the temperature in close 
proximity with the sample every 10 seconds. Temperatures higher than 950°C were never set to avoid 
deterioration of the quartz tube. Nevertheless, this temperature was sufficient to study the applica-
tion of interest (i.e. the combustion of wood). Additionally, this particular design allowed a rapid and 
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efficient cleaning after each measurement, with very low background signals in term of particle con-
centrations. 

2.1.2 Conditioning and sampling unit 

2.1.2.1 RDD (rotating disk diluter) V 

The RDD consists of two main parts, namely a dilution head and a control unit. The dilution head is 
further divided in two units, a rotating disk with several cavities (8 or 10 cavities) and a steel block 
with two gas channels that can be heated up from 80 to 120°C. Regarding the gas channels, one of 
them is used to sample the raw gas while the other is used to provide the dilution gas (A and B, re-
spectively, in the schematic in figure 2.1-3). The dilution argon flow provided to the dilution head 
has to be defined by an MFC, because it determines also the flow rate of the diluted aerosol directed 
to the coupled analytical instruments. The working principle is based on the transport of only small 
fraction of volume from the sampled gas (A) to the measurement channel (B) by the disk cavities. 
The dilution ratio of the raw gas is dependent on the disk rotation frequency, a calibration factor 
inherently depending on the instruments design and it is inversely dependent on the dilution flow 
rate. The diluted gas is directed first to the control unit and from there eventually to an evaporation 
tube (with maximum temperature 400°C), which is normally used either to avoid condensation 
and/or further dilute the particles or to evaporate volatile organic compounds present in the pro-
cessed gas. This last step can be quite useful to maintain reproducible operating conditions through-
out different experiments.  
To summarize, the RDD was used as sampling and conditioning system allowing to adjust precisely a 
wide range of dilution (over several orders of magnitude, between 15x and 1500x), thus it represents 
an optimal choice for different aerosol sources and applications.  

 
Figure 2.1-3 Rotating disc diluter (RDD) working principle side views. Courtesy of Testo GmbH (Germany)  
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2.1.2.2 Liquid quench sampling system (LQ) I

The liquid quench (LQ) is a sampling system used to examine condensable trace compounds from 
biogas by concentrating them into a liquid solvent (n this study, 2-propanol). The system had been 
developed in-house at PSI in collaboration with the “Thermochemical Processes” (TCP) research 
group and it was used in this thesis to sample condensable and non-condensable compounds in bio-
gas. A detailed description can be found in previous works [96,97], whereas a brief introduction is 
given in Figure 2.1-4 and in the following paragraph.  

 
Figure 2.1-4 Schematic of the liquid quench sampling system, adapted from reference [96]. A, in the case of this disserta-
tion, indicates not a synthetic gas mixture but biogas sampled in in a methane production plant. 

The biogas sampling section of the LQ consists of two co-axially positioned stainless steel tubes, of 2 
mm ID and 0.8 mm ID, respectively. These are inserted directly into the center of biogas flows 
through pre-existing sampling points at biogas production sites. The solvent is first fed towards the 
biogas source through the smaller stainless steel tube, and it is then immediately pulled back with a 
membrane pump into the 2 mm ID outer tube along with a slipstream of biogas. The two-phase mix-
ture of biogas and solvent is compressed to 2.5 bar and cooled to -20°C (point D in Figure 2.1-4), 
after which the resulting liquid solution of isopropanol and condensable biogas trace compounds is 
collected in sample tubes. The distinct attribute of this system is the continuous flow of gas and liq-
uid through the system that allows time-resolved sampling of both condensable and non-condensable 
compounds, depending on the chosen experimental conditions the time resolution can vary from 10 to 
20 minutes. Different gas-to-liquid ratios can be tuned by varying the sampled biogas flow rate or the 
liquid solvent flow rate. The set gas-to-liquid ratio and the trace compound concentration found in 
the solvent samples allow calculating back the concentration of this compound in biogas form. 
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2.1.3 Characterization techniques 

2.1.3.1 SMPS (Scanning Mobility Particle Sizer) 

The SMPS is a characterization technique used to obtain information on the size distribution and 
concentration of particles in an aerosol fraction. It consists of two main units, the DMA (differential 
mobility analyzer) and the CPC (condensation particle counter). The particles are classified accord-
ing to their mobility diameter by varying the voltage at given DMA sheath and aerosol gas flows. 
The number concentration of the classified particles is determined afterwards by the CPC. In the 
CPC particles passes throw a super saturated chamber where they act like “seeds” for the condensa-
tion of a used solvent (butanol or water) to reach the critical volume needed to be optically counted. 
Before entering the DMA, the diluted aerosol passes a radioactive source, i.e. an aerosol neutralizer, 
in order to establish a known charge equilibrium (assuming a Boltzmann charge distribution).[51] 
The SMPS used in this work had been developed in the CPM research group at PSI in the four years 
previous to the start of this dissertation and it presents some modification compared to a commercial 
instrument. It consists of a DMA tube internally built at Paul Scherrer Institute (similar to a TSI 
commercial long DMA) working with Ar instead of air, and a commercial CPC (TSI, model 3010). A 
more detailed description is reported in section 2.2.2 and in the schematic in figure 2.2-3. 

2.1.3.2 ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

The ICP-MS is a versatile technique for trace and ultra-trace elemental analysis that can be applied 
to almost all the elements in the periodic table in ranges of concentration going from pg mL-1 to µg 
mL-1. In ICP-MS, the argon plasma serves to dry, atomize and ionized the introduced liquid 
samples.[98] The atomic ions are then directed and focused with ion lenses through a mass analyzer 
where positive ions are classified according to their mass to charge ratio (m/z). Most of the mass 
analyzers used requires high vacuum (>10-4 mbar) that is maintained by using turbomolecular 
pumps. The pressure is firstly significantly reduced by passing throw two sampling cones placed in 
close proximity to the sampling area of the plasma, first the sampling cone (aperture size < 0.5 mm), 
then the skimmer (aperture size: 0.05 -1 mm). After being selected according to their m/z, the ions 
are finally counted in analog or pulsed mode in Faraday cup detector, or electron multiplier detector. 
An important feature of electron multipliers is the quite wide range of current in which they can op-
erate linearly.[98] A schematic of all these parts is reported in both figures 2.2-1 and 2.2-3.  
Besides liquid samples, ICP-MS is also used for gas and particle analysis. For example, gas can be 
directly introduced into the ICP-MS and analyzed.[25,99,100] Therefore, in this thesis a commercial 
ICP-MS instrument (Agilent 7700x), was used to determine the elemental composition of the aerosol-
laden particles and gaseous contaminants.  

2.1.3.3 Gas Chromatography  

Gas chromatography is properly defined as a separation technique of the individual components in a 
mixture of different compounds at specific temperature and pressure. The sample can be introduced 
either as a liquid or a gas. In the first case a calibrated microsyringe is used to introduce the sample 
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through a septum into a heated port close to the column; by applying a selective temperature pro-
gram, each compound will elute at a specific retention time, normally closely related to their boiling 
points. Details on the mobile phase and on the capillary column are reported in section 2.2.1. The 
combination of the GC with different detectors makes it also a very powerful characterization tech-
nique. The FID (flame ionization detector) is the most widely use detector for GC because of its low 
noise, high sensitivity and large linear response range. The current produced by ions and electrons 
during the pyrolysis of the sample (using air and O2) is monitored with high impedance picoammeter 
and provides an indication of the number of atoms entering the detector that can be reduced, so it is 
generally considered “a mass-sensitive rather than a concentration-sensitive device”.[101] Others de-
tector normally coupled with GC are the thermal conductivity detector (TCD), the electron-capture 
detector (ECD)- selectively responding to halogen containing organic compounds-, the thermionic 
detector - selective toward organic compounds containing phosphorus and nitrogen-, the photoioniza-
tion detector (PID), the atomic emission detector (AED), and other analytical techniques such as 
mass spectrometry (MS) and Fourier transform infrared spectroscopy (FTIR).[101] 

2.2 Hyphenated techniques for the different applications 

In this section the instrumental arrangements for the different applications investigated are present-
ed. According to the need of each topic of interest, the instruments reported in section 2.1 were cou-
pled together. Speciation studies for siloxanes in biogas were performed by hyphenating GC and ICP-
MS in comparison with other classical detectors, such as GC-FID. An initial introduction of the main 
features of these techniques is hereby presented. It follows an extensive explanation on the RDD-
SMPS-ICP-MS coupling and their operating conditions, with a particular care on the combination 
with the three different aerosol sources already introduced, i.e. an aerosol generator, a thermogravi-
metric analyzer and a tubular furnace. The coupling with the TGA is considered not only in the 
frame of aerosol generation during thermal processes but especially as calibration strategy of the 
RDD-SMPS-ICP-MS. Once the quantification strategy was proven to be successful, the same combi-
nation of instruments was employed to test the resolving power of the technique in heterogeneous 
matrices and to quantify the emitted metal compounds. 
Combustion studies were performed using a tubular furnace as a lab-scale incinerator. In some exper-
iments the aerosol generator was connected to the furnace in order to study the behavior of the gen-
erated particles during combustion processes. The analysis focused in particular on the release of 
primary and secondary nanoparticles during combustion of waste wood. The resolving power of 
RDD-SMPS-ICP-MS was therefore tested also in real combustion experiment and the calibration 
strategy applied to obtain not only qualitative but also quantitative information.  

2.2.1 GC-ICP-MS/FID I 

In speciation analysis, a GC can be coupled to ICP-MS to separate and detect volatile 
compounds.[102] A single organic compound of a class with similar properties is first separated in in 
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the chromatographic column (based on their retention time) and later introduce into ICP-MS for the 
elemental determination of a specific isotope of interest.  

2.2.1.1 Coupling concept 

The GC-ICP-MS/FID experimental setup used in this thesis consists of a gas chromatograph GC 
7890A with an FID, additionally hyphenated to an ICP-MS 7700x series. All instruments were pro-
vided by Agilent Technology (Germany). The GC 7890A was equipped with a 7693A automatic 
sampler, a split/splitless injector at the front inlet, and an FID detector operating with a mixture of 
air and hydrogen. The interface connecting the GC with the ICP-MS is a heated line providing an 
efficient transport of the high-boiling compounds thanks to passivation of the transfer line material 
(using Sulfinert™) and to the elevated heating temperatures, up to 300°C till the tip of the ICP-MS 
injector. A schematic of the setup is presented in Figure 2.2-1.The 7700x ICP-MS is equipped with 
an Octopole Reaction System (ORS, 3rd generation) with an improved design for increased ion focus-
ing and collision efficiency, and the possibility of using a mixture of different collision and reactive 
gases (later proven to be fundamental to achieve lower LOD and LOQ and a stable background). In 
the case of ICP-MS, the sensitivity is rather linked to the Si content in the siloxane compound, while 
that of the FID, instead, varies based on the combustion efficiency of the organic compound, which 
depends on the chemical structure and bonding characteristic of the compound itself. The optimiza-
tion of the oven temperature program for GC-FID and the GC-ICP-MS method development was 
performed by connecting only a single column to the respective detector. For the analysis of biogas 
samples, the two detectors (FID and ICP-MS) were run in parallel by connecting two 5% phenyl 
methyl siloxane stationary phase columns (HP-5, 19091J-413, 30 m × 0.320 mm, 0.25 µm film thick-
ness, J&W Agilent column) through the same inlet with a 2-holes ferrule (G/V ferrule, 1/16”×0.4 
mm, GV1624, 382438, BGB Analytik AG). The instruments were controlled by means of the soft-
ware provided by the producer: OPENLAB for GC-FID and Mass Hunter for ICP-MS.  

 

Figure 2.2-1 Schematic of the experimental setup combining GC-FID and GC-ICP-MS, each connected to a separate 
column from the same inlet (split 50:50). Legend: GC = gas chromatographer; FID = flame ionization detector; MFC = 
mass flow controller; ICP-MS= inductively coupled plasma mass spectrometry.  
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2.2.1.2 Data analysis 

The data of GC-ICP-MS and GC-FID were treated using two different integration methods, repre-
sented in Figure 2.2-2. Calculations on GC-ICP-MS peaks were done with Method 1, following the 
same principles of MassHunter software (Agilent Technologies). The peak is initially refined using a 
smoothing function; once the peak apex has been defined, an average of n points around the peak 
height is calculated. The computation done with MassHunter is considering only 3 points, while in 
this thesis an average of 9 points was considered. Method 2 is based, instead, on the OPENLAB 
software normally used for FID peak integration. In this second case over 68 points are selected start-
ing from the two baseline points. The two methods will be discussed and compared more in detail in 
chapter 3, where the analytical challenges linked to the coupling and simultaneous use of GC-FID 
and GC-ICP-MS are also addressed. 

 

Figure 2.2-2 Integration methods used for the measured 28Si peak of D5 (siloxane compound). 

2.2.2 RDD-SMPS-ICP-MS II 

The hyphenation of RDD-SMPS-ICP-MS allowed performing online sampling with simultaneous size-
resolved and elemental analysis on the aerosol generated. The working principle of the three different 
units was separately explained in the section 2.1, thus this section focuses only on the technical de-
tails related to their coupling.  

2.2.2.1 Coupling concept 

In order to couple RDD, SMPS and ICP-MS some modifications in the instrumental arrangements 
are needed. The coupling concept was already presented first by Hess et al.[103] Nevertheless, it is 
relevant to briefly summarize the main coupling steps in this section.  
The different instrumental parts are connected as shown in Figure 2.2-3, using conductive tubing 
with inner/outer diameters 6.0/12.0 mm (carbon impregnated silicone tubing), particularly suitable 
to minimize deposition and losses of the particles.  
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Figure 2.2-3 Coupling strategy for the different instrumental parts in RDD-SMPS-ICPMS setup. Nomenclature: Qsample: 
flow from the aerosol generator; Qdilut: RDD dilution argon flow, QRDD out: raw aerosol flow out of the RDD; Qpoly: flow of 
diluted polydisperse aerosol at the DMA inlet; Qsheath: DMA sheath gas flow; Qclass: flow of classified aerosol at the DMA 
outlet; QDMA exc: DMA gas excess flow; QCPC class: fraction of Qclass guided into the CPC; QCPC air: additional air flow for the 
CPC; QCPC in: total flow entering the CPC; QICP in: fraction of Qclass guided into the ICPMS; QXe: xenon flow; MFC: mass 
flow controller. 

The generated aerosol is transferred first to the RDD where thanks to the use of a mass flow control-
ler (MFC) and a filter, e.g. a High-Efficiency Particulate Air filter (HEPA), a defined flow of parti-
cle-free dilution argon is used for the quenching and the dilution. Argon is used as dilution gas in-
stead of air, because of the low air tolerance of the ICP-MS. An impactor with a cut-off diameter of 1 
µm was added at the inlet of the RDD control unit to avoid further transport of larger particle. The 
diluted aerosol can be maintained at temperature as high as 350°C in the evaporation tube. It is ad-
visable for safety reason to add another (HEPA) filter at the RDD outlet for the excess raw gas 
(QRDD out). The performance of all the filters in use can be checked from time to time by using the 
CPC. After passing through the radioactive source, the aerosol is finally introduced into the DMA 
where the particle size classification takes place. On one hand, another MFC in series with a filter 
were used to adjust the sheath gas flow (Qsheath) introduced to the DMA, that will act as main gas 
stream in which the particles are selected. On the other hand, for adjusting the DMA excess gas flow 
(QDMA exc) a vacuum has to be applied using a pump in series with a filter and an MFC, at the DMA 
outlet. The classified aerosol at the DMA outlet is split in two fractions, where one is guided towards 
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the CPC and the other one towards the ICP-MS (Fig. 2.2-3). The flow split at the DMA outlet is 
done such that 30% of the aerosol is directed to the CPC, the other 70% to the ICP-MS. CPC active-
ly aspirates a flow defined by a critical orifice and an external pump, which is about 1 L/min. CPC 
flow fraction of the classified aerosol (QCPC class) is tuned at preference by adding a particle-free air 
flow ,i.e. the filtered air (QCPC air), with another MFC equipped with a upstream filter. As a result, 
the classified flow rate at the ICP inlet (QICP in) is the difference between the flow rate at the DMA 
outlet (Qclass) and QCPC class. 

2.2.2.2 Measurement protocol 

Flow adjustment. To achieve a stable operation of the RDD-SMPS-ICP-MS setup, all the gas and 
aerosol flows should be adjusted carefully as described below. Nevertheless, before tuning the SMPS-
ICP-MS parameters, the flows used for the aerosol sources must be set. In this section, an example is 
given of a set of parameter values for adjusting the RDD, SMPS and ICP-MS. Another set of param-
eters is possible; but the procedure will however remain the same. The flow abbreviations used are 
listed in the caption of Figure 2.2-3. 
In the following steps the use of a primary flow calibrator (Gilibrator-2, Sensidyne) is recommended, 
to measure the different gas and aerosol flows before starting every measurement: 

 First set the argon sheath flow at the corresponding DMA inlet to 3 L/min. 
 Set the temperature of the RDD heating block to 80 °C, and that of the evaporation tube to 

350 °C. As soon as these temperatures are reached, set the dilution factor of the RDD to the 
desired value by adjusting the disk rotation speed manually. For instance, a 100% rotating 
speed corresponds to a dilution factor of 14.9. 

 Adjust the MFC of the argon dilution flow manually in order to maintain Qsample (at the RDD 
outlet) at 0.6 L/min. The ratio 0.6/3 of the sheath gas to the sample gas is chosen to cover a 
particle size ranging from about 14 to about 334 nm. 

 Adjust QDMA exc at the DMA outlet to maintain Qclass at 0.6 L/min (i.e. at the same value as 
Qpoly at the DMA inlet). 

 Adjust the MFC of the filtered air at the CPC inlet, to set the amount of compressed air di-
rected into the CPC to QCPC air = 0.18 L/min. This corresponds to 30% of Qclass. 

 Measure QICP class at the ICP-MS inlet (e.g. with the flow calibrator). This should be 0.42 
L/min, i.e. 70% of Qclass. Slight change of this flow can be corrected by fine-tuning the MFC 
of the DMA excess gas again. 

SMPS software settings. The ambient temperature and pressure are used to calculate the dynamic 
viscosity and the mean free path of argon.[104] Once this two values are given as an input, the up 
and down scan durations of the DMA scanning cycle are set to 150 s and 30 s (i.e. 1 DMA cycle = 1 
scan = 180 s).The DMA maximum voltage is limited to 4.5 kV to cover the PSD interval ranging 
from about 14 to about 334 nm. A voltage maximum of 10 kV is normally used in air-operated 
SMPS. Due to the lower dielectric strength of argon relative to that of air, the limit should be set 
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lower in this application, since otherwise electric arcing would occur, leading to instrument damage 
and signal errors. 

ICP-MS settings. In order to introduce the dry aerosol directly into the ICP-MS, the conventional 
introduction system of liquid samples has to be removed. An additional conductive tube is added 
between the DMA outlet and the ICP-MS inlet by using a T connector. This tube is used for xenon 
(Xe), which is added to sample flow, to optimize the ICP-MS plasma prior to each measurement and 
to control the plasma stability during the measurement.  

Table 2-1 Typical settings of the main ICP-MS settings used for the RDD-SMPS-ICP-MS measurement of aerosol. 

Parameter Value To be tuned 
Power 1350 W yes 

ICP-MS dilution gas (argon) 0.58 L min-1 Yes 

Sampling depth 8 mm Yes 

Collision gas (ORS) 2 ml min-1 Yes (for the same set of measurements 
don’t change this value after tuning it) 

Integration time 0.2 s per isotope Yes, if the ICP-MS time resolution should 
be changed 

Xe flow 4 ml min-1 No (to keep the same ICP-MS sensitivity) 

The Xe flow with a concentration of about 100 ppmv in an argon matrix is kept constant for all 
measurements (e.g. at 4 mL min-1) to tune the other parameters in the ICP-MS software, including 
ICP dilution gas and sampling depth, to achieve a fixed Xe intensity. The main ICP-MS tuning pa-
rameters are listed in Table 2-1. The parameters to be tuned prior to each measurement are indicat-
ed in the last column. 

2.2.2.3 Data analysis 
The ICP-MS measures the ion intensity per unit time (unit: count per second, or cps) for each m/z. 
This intensity is proportional to the analyte mass. SMPS data represent the number-weighted PSD 
of classified aerosol (PSDn) entering the DMA (number of particles × cm-3), based on the number 
concentrations determined by the CPC behind the DMA. To compare both ICP-MS and SMPS sig-
nals, the volume-weighted PSD (PSDv) must be calculated.  
The raw signal intensities versus time for each m/z from the ICP-MS data was exported, as well as 
the PSDn – determined by the SMPS software – as a function of the particle diameter (dp). From 
the SMPS raw data, the particle diameter and the corresponding scanning time are derived in order 
to correlate the ICP-MS measurement time with the particle diameter. The SMPS software must 
consider that the aerosol flow at the DMA outlet is split, and only 30% of the classified particles 
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reach the CPC. This can be achieved by multiplying the counting efficiency values – stored in a sep-
arate table as type-specific CPC characteristics – by a factor of 0.3. Since the desired information is 
not primarily the particle concentration between RDD and DMA, but that at the RDD inlet, the 
measured concentrations are multiplied by the RDD dilution factor. 
To calculate volume-weighted data from the original number-weighted SMPS data, the recorded con-
centrations of PSDn is multiplied by the volume V(dP) of the measured particles, assuming a spheri-
cal morphology.[51] The ICP-MS net signal is calculated by subtracting the background signal from 
the raw ion signal for each isotope. Then, the net signal is multiplied by the inverse single charge 
probability 1/p+1(dp) to get the corrected ICP intensity, which is approximately proportional to the 
concentration at the DMA inlet and hence at the RDD inlet (assuming no particle losses between 
RDD inlet and ICP-MS or CPC inlets). The probability of particles to carry one elemental positive 
charge is calculated by using the Wiedensohler approximation [105]. For the SMPS data processed by 
the SMPS software, the correction for this charge probability is normally implemented in the soft-
ware. For a given SMPS scan, the SMPS particle concentration or the ICP-MS intensity is plotted as 
a function of particle diameter in an x-y diagram. In the case of a steady-state aerosol, the same type 
of diagram is used to present the concentration or intensity averaged over several scans. 2D surface 
or 3D diagrams are chosen to plot the SMPS concentration or ICP-MS intensity as functions of di-
ameter and time. In the case of thermal processes, if a temperature program is used, the time can be 
substituted by the corresponding temperature values or shown as a separated curve with a secondary 
y-axis and linked x-axis. The calculations needed for ICPMS and SMPS data to make such plots can 
be automated by implementing macros in Excel or by using calculation software like MATLAB or 
Igor Pro, which allows obtaining robust final results in a short time. 

2.2.3 Different aerosol sources coupled with RDD-SMPS-ICP-MS 

The RDD-SMPS-ICP-MS setup was further coupled with all the aerosol sources enlisted in section 
2.1.1 were tested: 

 The aerosol generator was used to introduce a dried aerosol from a salt solution or a particle 
suspension into the RDD-SMP-ICP-Ms setup.  

 The TGA was used to model analysis of emissions from thermal processes. 

 The tubular furnace was employed in combination with the aerosol generator to study the ef-
fect of reducing and oxidizing atmosphere on the PSD of ZnO nanoparticles. 

2.2.3.1 AG-RDD-SMPS-ICP-MS II 

The aerosol generator introduced in section 2.1.1.1 was used to generate a dried aerosol from the salt 
solution or the particle suspension. First, the suspension or solution was filled into the bottle and 
mounted on the aerosol generator. The compressed air valve of the aerosol generator was set slightly 
above 1 bar. In this case the provided gas was not air but argon, because of the low tolerance of ICP-
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MS to air.  The resulting aerosol flow was adjusted to be about 1 L min-1 behind the diffusion drier. 
Finally, the outlet of the drier was connected to the RDD inlet. The disk rotation speed was set to 
zero to acquire blank signals (e.g. for 2 scans or 6 min) and was then set the speed back to its origi-
nal value to start the measurement. 

 

Figure 2.2-4 Schematic of the coupling between an aerosol generator and the RDD-SMPS-ICP-MS setup.  

2.2.3.2 TGA-RDD-SMPS-ICP-MS II, III 

As an example for applying the RDD-SMPS-ICPMS in measuring emissions from thermal processes, 
a copper chloride (CuCl2) sample was analyzed into a TGA. A desired temperature program was 
used to simulate the thermal process, with a steady-state temperature at 25°C for 18 min and a fast 
increase to reach the stable temperature of 450°C for other 15 minutes. An alumina crucible with 
maximum capacity of 700 μl was used to introduce 50 mg of CuCl2 powder. 

 

Figure 2.2-5 Schematic of the coupling between a TGA and RDD-SMPS-ICP-MS 

Before starting the acquisition the flows through the TGA have to be carefully adjusted .The reactive 
gas (e.g. O2) is mixed with argon to the appropriate ratio in order to prevent nucleation and conden-
sation and it was adjusted to about 20 mL min-1 with an MFC. The flow of the protective gas (ar-
gon) was set instead to about 80 mL min-1. At the TGA outlet, an argon flow of about 900 mL min-1 
was added to get a total flow of about 1 L min-1 (i.e. the sum of the flows of O2, protective argon and 
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added argon). If the RDD pump is used, the MFC controlling the dilution Ar was adjusted to reach 
the required flow. The SMPS and ICP-MS acquisition time were set to cover the desired total dura-
tion of the aerosol measurement (e.g., for 10 SPMS scans, the ICP-MS acquisition time was set to at 
least 30 min). After setting the gas flows and the SMPS and the ICP-MS parameters, the two in-
struments were started manually at the same time. The SMPS and ICP-MS blank signals were ac-
quired at 25 °C for 18 min (6 scans).  
The same combination of instrument was also used also on ZnCl2 powders and several metal oxide 
powders (i.e. ZnO, CuO, CdO, PbO), with a slight different configuration that the represented one in 
Figure 2.2-5. The ICP-MS was directly connected in series with the RDD instead of the SMPS to 
perform the calibration of the RDD-ICP-MS coupling, as it is explained in Ch. 5. 

2.2.3.3 (AG)- Tubular furnace-RDD-SMPS-ICP-MS II 

As explained in section 2.2.2.1, the AG was used to generate ZnO dried particles from a prepared 
suspension. In order to study the effect of reducing and oxidizing atmosphere on the PSD of ZnO 
nanoparticles, a total flow of 1.5 L min-1 was introduced from the AG to the tubular furnace (Figure 
2.2-6) by adding 50 mL min-1 flow of oxygen (or hydrogen) and additional dilution argon. At the 
outlet of the furnace, the aerosol was diluted with a mixture of Air/Ar, introduced into the RDD and 
sequentially to the SMPS-ICP-MS. A stream of ZnO dried particles was also generated and intro-
duced in the tubular furnace during the thermal treatment of solid samples (e.g. sawdust and metal 
oxide/chlorides powders).  

 
Figure 2.2-6 Schematic of the coupling among AG, tubular furnace and RDD-SMPS-ICP-MS 
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Figure 2.2-7  Schematic of the coupling between the tubular furnace and the RDD-SMPS-ICP-MS 

For online measurements of nano-objects formed in combustion processes, only the tubular furnace 
was used to thermally treat the solid samples (i.e. sawdust, ZnO impregnated sawdust), as represent-
ed in the schematic in Figure 2.2-7. 

2.3 Materials 

2.3.1 Speciation study with GC-ICP-MS/FID I 

2.3.1.1 Chemicals 
Stock solutions with a mixture of linear and cyclic siloxane compounds were prepared using 2-
propanol as solvent (20842.330, normapur, lot# 18A294016, VWR Chemicals) by adding single 
standards of hexamethyldisiloxane (L2, 101696070, lot # BCBQ3284V,  98.5%, Sigma-Aldrich), 
octamethyltrisiloxane (L3, 1002439965, lot # MKCC5212,  98%, Sigma-Aldrich), hexamethylcyclot-
risiloxane (D3, 101600743, lot # STBF4369V,  98%, Sigma-Aldrich), octamethylcyclotetrasiloxane 
(D4, 101694668, lot # BCBP8413V,  98%, Sigma-Aldrich), decamethylcyclopentasiloxane (D5, 
1001969542, lot # MKBR6099V,  97%, Sigma-Aldrich), dodecamethylcyclohexasiloxane (D6, 
1002567912, lot # MKBT1945V,  95%, Sigma-Aldrich). The concentrations of the two stock solu-
tions and the calibration standard solutions prepared are reported in tables A.1.1-1, A.1.1-2 and 
A.1.1-3 in Appendix A. 

2.3.1.2 Samples 
Using the LQ four samples were taken over a two-day period at a biogas production plant in Switzer-
land. At this plant, biogas is produced independently in three digesters. Two mesophilic digesters, 
operated at 42°C, process in total 45’000 tonnes/year of substrates containing manure as well as 
waste from the food industry. One thermophilic digester, operated at 55°C, processes 16’000 
tonnes/year of green waste, food waste, and agricultural waste (including manure and crop products). 
The biogas produced at all three digesters is combined and passed through an activated carbon filter 
to remove H2S. During the biogas sampling campaign, flowrates of sampled biogas from 830 to 1092 
mlN min-1 and liquid solvent flowrates from 0.7 to 1.7 ml min-1 were used, corresponding to gas-to-
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liquid ratios of 492 to 1645, respectively. The choice of different values relies to some extent on fluc-
tuations of pressure in the biogas stream that could not be controlled. Therefore, the gas-to-liquid 
values were adjusted accordingly to maintain comparable gas-to-liquid partitioning throughout the 
different measurements. 
Two biogas samples Manure1 and Manure2 were taken at the outlet of each of the two mesophilic 
digesters using a gas-to-liquid ratio of 845 and 492, respectively. The other two samples MixUntreat-
ed and MixTreated were collected in the combined biogas flow from the three digesters, before and 
after the activated carbon filter, using a gas-to-liquid ratio of 1645 and 1361, respectively. For the 
same sampling position and conditions, two samples were measured in two replicates each. The sam-
ples were stored in a chilled and dark environment and analyzed in the week following the sampling 
campaign. 

2.3.2 Preliminary studies with RDD-SMPS-ICP-MS II 

2.3.2.1 Chemicals 
A commercial zinc oxide nanopowder (5810MR, 1314-13-2, AUER-REMY), was used to prepare sus-
pensions of ZnO NPs. The average particle size provided by the manufacturer was verified with SEM 
analysis. Characterizations and further specifications of the powder are reported in Appendix A in 
Figures A.2.1-1 and A.2.1-2 and Table A.2.1-1. For the colloidal stability of ZnO particles dispersion, 
a solution 0.1% wt of Poly Acrylic Acid (PAA, MW2000, 50% wt H2O, electronic grade, 535931-
100G, lot # 02115HIV, Sigma-Aldrich) was required.  

2.3.2.2 Samples 
For the first measurement, an aqueous sodium chloride (NaCl, Merck, for analysis EMSURE®,  7647-
14-5, 106404) solution was prepared with a concentration of 200 µg/mL while for the second meas-
urement a suspension 0.3% wt of zinc oxide (Suspension A) was prepared by dispersing 333.3 mg of 
the commercial powder in 100 g of dispersant solution. The second suspension with a concentration 
of 600 µg ml-1 of ZnO (suspension B) was prepared by dilution of suspension A with the same disper-
sant solution, under constant magnetic stirring and ultrasonic bath for six minutes. Finally, for the 
thermal treatment experiments CuCl2 (Merck, for analysis EMSURE®, 10125-13-0) and ZnO (Merck, 
reagent grade  99%, 8849.0100203, K16151449) powders were used. 

2.3.3 RDD-SMPS-ICP-MS calibration strategy and resolving power in heterogeneous 
matrices II, III 

The calibration of the setup RDD-SMPS-ICP-MS was performed using anhydrous ZnCl2 (Sigma-
Aldrich, reagent grade 98%, 793523-100G, lot # MKCC7426) and CdCl2 powders (Fluka, reagent 
grade  99%, 20899, GA10523). ZnO (Merck, reagent grade  99%, 8849.0100203, lot # K16151449). 
The evaporation experiments included a mixture of several commercial powders: PbO (Fluka, reagent 
grade  99%, 15338, GA2053), CdO (Merck, reagent grade  99%, 2015.0100, 212 K14082415), CuO 
(Merck, reagent grade  99%, 1.02766.0100, TP995866930), ZnO (Merck, reagent grade  99%, 



2. Methods and experimental 

34 

8849.0100203, K16151449) and CaCl2
.2H2O (Merck, reagent grade 99%, 111TA106282). The sam-

ples were introduced into the TGA using an alumina crucible with a maximum capacity of 700 µL. 

2.3.4 Combustion experiments IV, V 

2.3.4.1 Chemicals 
Nitric acid (HNO3, 65%, Z0346841519, 1.00441.1000, Merck) and hydrochloric acid HCl (30%, 
Z0344318516, 1.00318.1000, Merck), were used to dissolve the deposited material and to clean the 
liner and the quartz tube of the tubular furnace after each experiment. The resulting solutions were 
further diluted and analyzed by ICP-MS. Zn calibration solutions for analysis of the collected sam-
ples were prepared by the dilution of Zn standard solution 1000 µg ml-1 (Merck, 1.19806.0100) with 
ultrapure water (MilliQ, 18.2 MΩ-cm). 

2.3.4.2 Samples 
Beechwood sawdust. The samples of beech wood were collected in the forest area of Villigen in March 
2012 and further characterized by Bahrle.[106] The multi-element analysis was performed in ICP-MS 
after microwave assisted acid digestion with HNO3. The results are reported in Appendix A, in Ta-
bles A.4.1-1 and A.4.1-2. Multi–element calibration solutions were prepared by dilution of a commer-
cial multi-elemental standard solution (Bernd Kraft, 10931.2000, batch-no.: 1530569). Non-treated 
samples and samples impregnated with ZnO suspension were used for incineration experiments. 

Beechwood sawdust impregnated with ZnO suspension. In order to obtain a synthetic nano-waste 
sample, 2 g of beech wood sawdust were impregnated with zinc oxide suspension A (0.3% wt), al-
ready presented in section 2.3.1.2. The sawdust samples were kept in contact with 15 ml of ZnO sus-
pension for three hours under magnetic stirring. After a drying step of 90 minutes at 105°C in a 
thermobalance (PM100, LP-16, Mettler-Toledo), the samples were carefully removed from the Petri 
capsule. In every experiment, an amount of 400 mg of the prepared batch was transferred into a 
boat-shaped alumina crucible and introduced into the tubular furnace for the thermal treatment ex-
periments.[107] 

2.4 Additional off-line characterization techniques 

The off-line techniques explained in this section were mainly used to characterize the ZnO suspension 
introduced in section 2.3.1.2 or to assess the size and morphology of the generated nanoparticles. The 
sampling of the size-selected nanoparticles using an in-house-built collection cell is also presented. 

2.4.1 Nanozetasizer 

The Zetasizer Nano series (Malvern) performs size measurements using Dynamic Light Scattering 
(DLS) (also known as PCS - Photon Correlation Spectroscopy) that measures Brownian motion and 
relates this to the size of the particles. The relationship between the size of a particle and its speed 
due to Brownian motion is defined in the Stokes-Einstein equation. 
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2.4.2 X-ray disc centrifuge 

In the x-ray disc centrifuge (BI-XDC, Brookhaven) the X-rays absorption is proportional to mass-
volume. Normally concentrated suspension are needed in order to have an accurate analysis, consider-
ing a reasonably quick duration time of the measurement (20 min) and a size range from 10 nm to 
100 µm. With the use of Stokes’ Law is possible to correlate the settling phenomena with the actual 
size of the particles. 

2.4.3 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM) 

Electron microcopy techniques, like Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM), are very powerful tools for the characterization of a very wide range of materials. 
In SEM and TEM, characteristic of the sample related to its morphology, structure and composition 
can be analyzed from micrometer (µm) to nanometer (nm) and down to atomistic (Å) scale. From 
the interaction of the electron beam with the sample and depending on the specific emission volumes 
within the sample, different types of signals are obtained. These signals include secondary electrons, 
backscattered electrons, transmitted electrons, diffracted electrons, characteristic X-rays, and other 
photons of various energies (shown also in Fig. 2.4-1). [54]  

 

Figure 2.4-1 Schematic of the interaction between the electron beam and a sample. Adapted from reference [108] 

Imaging in electron microscopy is mainly used to investigate the particle size and the morphology of 
the sample under analysis. In SEM, the secondary electrons and the backscattered electrons are 
mainly probed, while in TEM the transmitted electrons are used to obtain 3D-like and 2D-like imag-
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es, respectively. Energy Dispersive X-ray Spectroscopy (EDXS) in either SEM or TEM samples the 
characteristic X-rays of the atoms in order to clarify the chemical composition of the specimen (e.g. 
qualitative and quantitative analysis of the composition of the sample). From the spatial distribution 
of the diffracted electrons in TEM (known as an electron diffraction pattern) useful information 
about the crystallographic structure of the material can be obtained. [108] 

2.4.3.1 Sampling of size-selected nanoparticles using a collection cell 
In order to determine exact morphology and size of the NPs generated during the experiments, a 
sampling technique was implemented for following TEM analysis. The size-selected particles from 13 
to 340 nm were collected at the outlet of the DMA with an aspiration EM grid sampler, built in-
house at PSI, which design was based on the MPS sampling system described by R’mili et al [109]. It 
is composed of two parts, the male and female connectors shown in Figure 2.4-2. An O-ring ensures 
the TEM grid in position once the two parts are closed. The aerosol flow is aspirated with a mem-
brane pump from the Qclass at the outlet of the DMA, first through the female connector and then 
throughout the used TEM grid via the holes of its membrane to the male part connected to the inlet 
point of the pump, where the gas flow is controlled using a needle valve. The overall Qclass is splitted 
in two fractions with a Y-connector, since only 0.3 L min-1 is actually sampled, while the remaining 
0.120 L min-1 is directed to the exhaust vent. 

A commercial TEM grid “Quantifoil 1.2/1.3”, Cu 400 mesh was chosen, taking into account the fol-
lowing advantages: 

i. holes diameter, the smallest among the available products on the market to allow an efficient 
sampling; 

ii. high number of mesh (Figure 2.4-3 a), with the needed resistance to the gas flow to avoid 
damage of the carbon membrane under pressure. 

iii. well-defined structure (shape and size of the holes), that shows reduced standard deviation 
(<10%) compared to a less homogenous one, such as the Holey type (Fig.2.4-3 b and c)  

In the work presented by R’mili et al [109], the efficiency of deposition of different size-class of parti-
cles was compared between experimental results and a model that assume a similar behavior than in 
a flow-through porous membrane. The deposition mechanisms is influenced mainly by impaction for 

 
Figure 2.4-2  Picture representing the particle collection cell, the membrane pump used to guarantee a flow-through of 
3L min-1, and the male and female connectors with the position of the TEM grid. 
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particles above 30 nm (deposition on membrane surface), while surface diffusion is prevalent on par-
ticles below 30 nm (mainly collected on the holes border).[109] 

 
 

Figure 2.4-3  Examples of TEM porous grids with 400 mesh Cu grid (a) and carbon foil “Holey” (b) and a “Quantifoil” 
type (c).Figure adapted from reference [109]. 

The particles were filtered through the TEM grid after size-selection at the outlet of DMA from the 
tube normally directed to the ICP-MS, with a flow rate of 0.3 L min-1 (Figure 2.4-4). The particles 
were collected in separate replicates of the experiments during which the ICP-MS detection was not 
included. The samples were later analyzed with a JEOL JEM-2010 transmission electron microscope 
(200 kV, point resolution of 0.25 nm), to investigate particle size and morphology, while the chemical 
composition was clarified through the use of EDXS and electron diffraction pattern of the crystalline 
material (whenever possible). 

 
 
Figure 2.4-4 Schematic of the sampling point of size-selected particles with the collection cell. The scheme it is valid for 
all the different aerosol sources use in the frame of this dissertation. 
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 Speciation analysis with              Chapter 3
GC-ICP-MS/FID of siloxane compounds 

in biogas 

 

Material from this chapter has been published in:  

(I) Debora Foppiano, Mohamed Tarik, Jörg Schneebeli, Adelaide Calbry- Muzyka, Serge Biollaz 
and Christian Ludwig, Siloxanes compounds in biogas from manure and agricultural waste: 
Method development and Speciation analysis with GC-ICP-MS/FID., 2018, in peer-review. 

The author carried out the method development and the speciation analysis with GC-ICP-MS, the 
biogas analysis done at the CPM group laboratories at Paul Scherrer Institut (PSI), the evaluation of 
the GC-FID method, the coordination of the research project, as well as the compilation of the first 
draft of the manuscript.  
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A novel method for the determination of linear and cyclic siloxane compounds (L2, L3, D3, D4, D5, 
and D6) in biogas was developed by combining gas chromatography (GC) with two different 
detectors running simultaneously, a FID and an ICP-MS. Using a continuous liquid quench sampling 
system biogas samples were collected, from a Swiss biogas production plant processing manure and 
agricultural wastes. Even if significant concentrations of siloxanes are normally linked to biogas from 
wastewater treatment plants (WWTP) or landfill gas, also manure and agricultural waste samples 
showed values in the range of 0.1 mgSi Nm-3, which would already cause severe damage to appliances 
such as solid oxide fuel cells (SOFC). The GC-ICP-MS method showed very good linearities for all 
the investigated compounds (R2 between 0.999 and 1.000). The limits of detection and quantification 
(LOD and LOQ) in the gas for cyclic compounds, such as D5, would vary upon the used sampling 
conditions and be approximately 0.002-0.004 mgSi Nm-3 and 0.007-0.014 mgSi Nm-3, respectively. 
These LOD and LOQ values satisfy the needs of new analytical methods with improved LODs to 
fulfill the EURAMET (the European Association of National Metrology Institutes) requirements, 
which fix recommended levels for Si total amounts between 0.1 and 0.3 mgSi Nm-3. The method was 
evaluated with liquid standards prepared in the same solvent used for the sampling procedure; the 
global mean of recoveries for D5 was 99.9 ± 0.8%, with very good intraday precision (RSD  5%). 
While GC-FID showed higher detection limits and matrix effects, it could still be suitable for an 
initial estimation of the siloxane compounds present in the biogas, at least for D5, by following some 
given suggestions in the computation. Moreover, the GC-FID analysis can provide useful information 
also on other classes of impurities contained in the biogas, such as volatile organic compounds 
(VOC). 

3.1 Experimental and results 

3.1.1 Method development for the speciation analysis of siloxanes 

Initial efforts were needed in order to find the best combination of operating conditions for the 
instrumental arrangement. Different column flows and split ratios were tested to achieve the highest 
signal to background ratio and reproducible shapes of the chromatographic peaks. The He flow (2 ml 
min-1) was set according to the suggestion given by an Agilent open-source software, which indicates 
the optimum value in the operated split ratio, temperature, and pressure of the inlet. The oven 
temperature program was first developed with GC-FID for a mixture of siloxane compounds. The 
initial temperature was defined based on the elution of the solvent and the low boiling compounds. 
The heating rate was set to 10°C min-1 in order to achieve optimal separation of the compounds and 
avoid overlapped peaks. Unfortunately, the method resulted in long times of analysis for one sample 
only (1 hour, considering at least 2 replicates for each sample). With the further prospect of 
analyzing samples in parallel (or solely) with GC-ICP-MS, the program runtime was significantly 
reduced. The minimum time of analysis found to maintain a good resolution of the siloxanes peaks 
was approximately 12 minutes, with a heating rate of 20°C min-1 from the initial temperature at 
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55°C to the maximum of 200°C. Furthermore, such a short program presents the major advantage of 
being suitable for online measurements (e.g. of breakthrough curves for catalysts or filters). 
The main operating conditions of GC 7890A, autosampler 7693 A, FID, interface and 7700x ICP-MS 
after optimization are summarized in Table 3-1 (additional parameters for 7700x are reported in 
table A.1.1.2 in appendix A). 

Table 3-1 Operating conditions for GC7890A, ALS 7693 A, FID detector, GC-ICP-MS interface, and 7700x ICP-MS 

OOperating conditions  GGC 7890A  

Front inlet (ALS 7693 A) Syringe size: 10 µL; injection volume: 1.5 µL 

Split/splitless injector Split mode, split ratio:10; Temperature: 225°C 

Column flow 2 ml min-1 He, constant flow mode 

Oven gradient 
55°C for 3 min, ramp 20°C min-1 till 200°C, constant max 

temperature for 2 min (total time= 12.25 min) 
 FID 

Heater 275°C 

Flows  30 ml min-1 H2; 300 ml min-1 Air; 25ml min-1 make-up gas 

 GC-ICP-MS interface 

Temperature  Transfer line and ICP-MS injector tip: 250°C 

Flow transfer line 432 ml min-1 (He GC, Ar/O2, carrier Ar) 

 7700x ICP-MS 

RF power 1400W 
Sampling depth 8 mm 
Ar carrier gas 0.37 L min-1 

Ar/O2 option gas 5% (12 ml min-1 O2 in 60 ml min-1 Ar) 
Torch position H=0.8 mm; V=-0.3 mm 

The retention times (RT) of each compound for both techniques is reported, instead, in Table 3-2, 
for the experiments in which, through the same inlet, two columns were connected to the detectors. 
The two set of RTs are quite similar, thanks to the fact that the same type of column is used and 
there is no big difference of pressure between the two detectors. Additionally, it can be noticed that 
the variations among the same RT are rather small, with RSD never higher than 0.4%. The clear 
separation of the compounds in the chromatograms and the stability of the RT over time are shown 
also in Figure 3.1-1 and 3.1-2. 
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Table 3-2 Retention time at peak apex for the compound identification with GC- FID and GC-ICP-MS. 

Instrument 

Retention times (min) ± RSD%  

L2 D3 L3 D4 D5 D6 

GC-FID 

GC-ICP-MS 

2.224 ± 0.1 

1.867 ± 0.4 

3.828 ± 0.1 

3.48 ± 0.4 

4.632 ± 0.1 

4.251 ± 0.1 

5.992 ± 0.1 

5.546 ± 0.05 

7.44 ± 0.3 

6.942 ± 0.02 

8.73 ± 0.2 

8.195 ± 0.02 

       

 

Figure 3.1-1 GC-FID: Retention time of siloxanes (a); RT shift over time and average peak position for D5 (b). 

 

Figure 3.1-2 GC-ICP-MS: Retention time of Siloxanes (a); RT shift over time and average peak position for D5(b). 
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Regarding ICP-MS, the operating conditions were tuned using 4 ml min-1 flow of Xe in Ar (100 ppmv 
Xe in Argon) controlled by an MFC (mass flow controller) prior to the transfer line. The parameters 
were adjusted, first, to have the highest intensity level of 124Xe (3 105 cps) and lowest 28Si background 
signal (3 103 cps). Secondly, those optimized parameters were verified before every measurement in 
order to have similar intensities over time for 124Xe intensity and 28Si backgrounds. Figure 3.1-3 shows 
a quite constant evolution of those values among the 95% CI (confidence interval), over a two-
months period. 

 

Figure 3.1-3 124Xe intensity and 28Si backgrounds measured before each analysis, over 2 months. CI= confidence interval. 

The possibility of mixing helium (He, known to reduce polyatomic interferences)[110] with hydrogen, 
(H2, which selectively reduces isobaric interferences for 28Si) [88] in the ORS was found to be crucial 
to achieving high sensitivities, lower LOD and LOQ (limit of quantification), and a constant 
background signal over time in GC-ICP-MS. Table 3-3 shows an example for D5, with two optimized 
conditions for different gas compositions in the ORS and one column connected to the GC inlet.  

Table 3-3 Comparison between 28Si sensitivities, LOD and LOQ calculated for D5 in GC-ICP-MS, using two different gas 
composition in ORS. 

ORS gases flow 

((ml min-1) 

28Si Sensitivity 

(cps/ppb) 

D5 LOD 

ppb Si (ng ml-1)  

D5 LOQ 

ppb Si (ng ml-1)  

R2  

(linear fit) 

He (2.4) 286.03 10.36 34.53 1.000 

He (1.4), H2 (1) 532.91 3.63 12.10 1.000 
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The two calibration curves are reported also in Figure 3.1-4, while the concentrations of the stock 
can be found in table A.1.1.3 in appendix A. 

 

Figure 3.1-4 GC-ICP-MS calibration curve for D5, ORS gas flows optimization (GC inlet connected with one column 
only). ORS gas composition and flows: He 2.4 ml min-1 (a); He 1.4 ml min-1 and H2 1.0 ml min-1 (b). 

The sensitivity corresponds to SS, the x coefficient in the linear equation of the calibration curve (I= 
S c+I0), where x is also indicated as c, i.e. concentration. The LOD and LOQ are calculated as the 
ratio of 3 times and 10 times  (the standard deviation of the blank, calculated over the integration 
window) and S. The reported concentrations are expressed as ng ml-1 and refer to the liquid solution. 
Assuming the same experimental conditions of the sampling campaign, the LOD and LOQ of D5 in 
the gas would be approximately 0.002-0.004 mgSi Nm-3 and 0.007-0.014 mgSi Nm-3 for the case of He 
and H2 mixture, respectively. Although those values, at least for D5, are in line with those reported 
for GC-MS[85], the main advantage of GC-ICP-MS resides in significantly reduced matrix effects, for 
which quantification by an external calibration is still accurate, while for GC-MS internal standards 
addition is often required to correct for significant systemic errors. [112] 
The beneficial effect of the chosen gas composition in the ORS was tested for all siloxane compounds 
in GC-ICP-MS and the figures of merit are reported below in Table 3-4. The values of sensitivities 
are calculated after the split at the GC inlet. The measured ICP-MS intensities are, as expected, 
nearly the half for all compounds, which is consistent with the split (50:50). For the sake of 
comparison, we reported in Table A.1.1.4 in appendix A also the intensities measured when only one 
column is connected to the GC inlet.  
The lack of certified reference material did not allow a classical method validation; on this matter, 
research programs involving several metrological institutes across European countries are currently 
aiming to provide reference materials for siloxane compounds in the gas phase.[113] However, the 
stability issues linked to some of the siloxanes and adhesion on canister or Tedlar bags walls are still 
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a challenging task.[114] Therefore, it was chosen to evaluate the method on liquid standards prepared 
in the same solvent used for the biogas sampling procedure. Throughout the analyses, standard 
solutions were measured every 5 samples. The global mean of recoveries for D5 was 99.9 ± 0.8%, 
with very good intraday precision (RSD  5%). Moreover, a blank measurement was run every 5th 
sample, after checking the standards recovery, to ensure no memory effect or degradation of the 
column leading to false readings. 

Table 3-4 28Si sensitivities, LOD, LOQ, R2 and BEC (blank equivalent concentration) in GC-ICP-MS for siloxanes 
compounds analyzed, using two columns connected to the same inlet. 

 
Siloxanes  

28Si Sensitivity 
((cps/ppb)  

LOD 
pppb SSi  ((ng ml--1)  

LOQ 
pppb Si  (ng ml-1)  

R2  
((linear fit) 

BEC   
pppb (ng m l-1) 

L2   275.38 1.38 4.61 0.9998 16.76 
D3   329.59 1.79 5.98 0.9992 23.57 
L3   272.24 3.04 10.14 0.9999 15.29 
D4   278.97 2.60 8.68 1.0000 12.38 
D5   317.6 3.29 10.96 1.0000 20.89 
D6   346.05 3.75 12.51 0.9999 22.54 

In the case of FID, Figure 3.1-5 shows the usual range of concentration used to build a calibration 
curve from where the LOD and LOQ for D5 reported in Table 3-5 were calculated. More details on 
the peak area calculations were already provided in Chapter 2 (section 2.2.1.2). 

 

Figure 3.1-5 GC-FID calibration curves for D5 (one column only connected to GC inlet).  
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Table 3-5 RF (response factor), LOD, LOQ, R2 (linear fit) in GC-FID for D5 (one column only connected from the inlet to 
the FID detector). 

 
  

Response factor 
((area/amount)  

LOD 
pppb SSi ((ng ml-1)  

LOQ 
pppb Si ((ng ml-1)  

R2 (linear fit) 

D5 9679.37 26.90 393.65 0.9999 

Figure 3.1-6 shows the difference in sensitivity if the same calibration curve is calculated with Method 
1 or Method 2. The analysis and the interpolation of the samples can change quite substantially if the 
analyte peak is highly interfered. In this case an integration over 68 points could consider also the 
intensity assigned to neighbor peaks, resulting in an overestimation of the concentration.The figures 
of merit of GC- FID are also slightly different than for GC-ICP-MS. While in ICP-MS the sensitivity 
is the slope of the calibration curve, in FID the sensitivity is expressed as the response factor (RF), 
where RF is the ratio between area and amount of a certain compound. Different range of 
concentration will have then different RF; the interpolation is compiled by attributing the RF closer 
to the range of concentration expected. For better accuracy, the RF is normally an average RF 
calculated on 3 different replicates, at least.  

 
 
Figure 3.1-6 D5 calibration curves using GC-FID. (a) Method 2: peak area calculated as in GC software (n=68); 
(b) Method 1: peak area calculated as in ICP-MS software (n= 9).  

The estimation of LOD (limit of detection) and LOQ (limit of quantification) implement the use of 
the signal to noise ratio (S/N) for a given calibration level. S/N below 10 means that the level is 
optimal for calculating the LOD, while S/N above 10 is suitable for LOQ calculations. 

  



3. Speciation analysis with GC-ICP-MS/FID of siloxane compounds in biogas 

 

47 

3.1.2 Simultaneous speciation analysis using GC-ICP-MS/FID 

Manure and agricultural waste samples were analyzed by connecting the GC simultaneously with two 
detectors: ICP-MS and FID. The analysis was controlled mainly with the OPENLAB software, while 
the ICP-MS acquisitions were started with MassHunter. The calibration standards and biogas 
samples were introduced from the autosampler in the front inlet where the vaporization takes place, 
and they were split (50:50) between the two stationary columns. By running the two detectors 
simultaneously, the same conditions and stability of the samples were ensured. For each sampling 
conditions set, i.e. sampling point and gas-to-liquid ratio, two different samples were collected and 
each of them analyzed in two replicates. Figure 3.1-7 presents a comparison for both acquisitions on 
sample Manure1.  

 
Figure 3.1-7 Assignment of the peaks to siloxane compounds in GC-ICP-MS based on 28Si mass intensity (a) and GC-
FID signal (b) for the sample Manure1. The grey lines show in both plots the profile and retention time of a multi-
siloxane standard with a concentration of nearly 2 ppm(l). 

In the case of ICP-MS, only a few peaks present in the chromatogram do not have any analytical 
meaning linked to the siloxanes content, and their presence is consistent in the blank, the standard 
solutions and samples (Fig. S6 in SI). A high peak related to the solvent is visible due to the high 
carbon concentration. In fact, 12C16O+ is among the two main polyatomic interferences for 28Si, 
together with 14N2

+.[115] The relatively low boiling temperature of the solvent is helpful to avoid co-
elution with other compounds of interest, and the background remains almost constant for the 
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overall analysis.  Only D5 and D6 are observed in GC-ICP-MS; the peaks (in Figure 3.1-7a) are 
above the thresholds and show good correlation in RT with the standard solution, resulting in 
concentrations above the LOQ, listed in Table 3-6. 

Table 3-6 Siloxanes quantitative results in analyzed biogas samples; (*): each of them was sampled twice and two replicates 
for each sample were analyzed. 

GC-ICP-MS Si concentration in the liquid phase 
(ppb, ng ml-1) ± RSD% 

 Si concentration in the biogas 
(mgSi Nm-3) ± RSD% 

Samples D5 D6 D5 D6 
MixUntreated* 87.0 ± 3.3 35.9 ± 2.3 0.10 ± 3.3 0.02 ± 2.3 
MixTreated*  LOD  LOD  LOD  LOD 
Manure1* 126.0 ± 0.7 52.8 ± 1.7 0.15 ± 0.7 0.03 ± 1.7 
Manure 2* 51.2 ± 9.6 41.10 ± 0.2 0.10 ± 3.4 0.08 ± 0.2 

The FID analysis results in a much more complex chromatogram, due to the detection of numerous 
organic compounds present in the matrix. In the zoom-in of plot b (Fig.3.1-7), it can be seen that the 
presence of a neighbor peak with higher intensity could lead to unaccurate determination and 
quantification of D5. Nevertheless, its resolution is still possible, which is not the case for D6. 
Complementary analyses, later presented in this section, were carried out with another GC-FID 
instrument to gain more information on the class of compounds contained in each matrix. Table 3-7 
shows how the two different integration Methods 1 and 2 influence the final value of concentration. 
As explained in appendix A, the main difference between the two methods regards the number of 
integration points. During the analysis of samples, such as Manure1, the interpolation can change 
quite substantially if the analyte peak of D5 is highly interfered. 

Table 3-7 Siloxanes quantitative results in analyzed biogas samples with GC-FID. (a) : calculated as in MassHunter (n= 
9); (b): calculated as in OPENLAB (n=68); (§): Si concentration refers to D5 only; (*): each of them was sampled twice 
and two replicates for each sample were analyzed. 

GC-FID Si concentration§ in the liquid phase 
(ppb, ng ml-1) ± RSD% 

 Si concentration§ in the biogas 
(mgSi Nm-3) ± RSD% 

Samples Method 1a Method 2b Method 1a Method 2b 
MixUntreated* 212 ± 2 2524 ± 47.8 0.13 ± 2 1.53 ± 47.8 
MixTreated*  LOD  LOD  LOD  LOD 
Manure1* 154.2 ± 21.8 2461.5 ± 1.7 0.18 ± 21.8 2.91 ± 1.7 
Manure 2* 54.9 ± 37.4 2307.1 ± 1.1 0.11 ± 37.3 4.68 ± 1.1 

An integration over 68 points (Method 2) could consider, for instance, the intensity associated with 
neighbor peaks, leading to overestimation of the siloxanes concentration and consequently the Si 
concentration in the biogas. Method 1, instead, is generally affected by a higher uncertainty among 
different samples collected under the same conditions, because of the limited number of points 
considered for the integration. 



3. Speciation analysis with GC-ICP-MS/FID of siloxane compounds in biogas 

 

49 

3.1.3 Additional characterization of the biogas samples 

Separate analyses in GC-FID revealed the complexity of the biogas matrix. Figure 3.1-8 and 3.1-9 
show how a longer temperature program, with slower heating rate, makes it possible to resolve other 
organic compounds in the biogas, for instance, terpenes such as alpha-pinene and limonene, as well as 
the terpenoid para-cymene, all characteristic of biogas originating from food or green wastes.[116] 
Even though the determination of trace D5 is still possible, all of the samples present a complex 
pattern of unseparated peaks, which elutes at the same time of D6 (at retention times between 24 
and 30 minutes).  In this pattern, higher order alkanes (C13, C14) could be identified by GC-MS, as 
well as more complex branched hydrocarbons. It is also likely that other compounds such as ketones, 
alcohols, and sulfur- or nitrogen-containing compounds, could be contained in these biogas samples. 
Unfortunately, using methods such as GC-FID, which are not element-specific, not only silicon 
compounds but also other low-concentration compounds could be obscured by co-elution with trace 
hydrocarbons and not detected in the matrix. The advantage of GC-ICP-MS relies precisely on this 
point: by being an element-specific technique, the resolution of siloxanes peaks was proven to be 
always possible and rarely interfered, even with a reduced temperature program, hence an overall 
lower time of analysis.  

 
Figure 3.1-8 Manure1 and Manure2 samples analyzed in GC-FID and normalized by the gas-to-liquid ratio. 
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Figure 3.1-9 MixUntreated and MixTreated samples (before and after the activated carbon filter) analyzed in GC-FID. 

Finally, Fig. 3.1-9 shows the effect of the use of filters or adsorption materials to reduce not only the 
concentration of siloxanes (confirmed by GC-ICP-MS) but also other impurities in the biogas. Among 
the most common filters, different types of activated carbons are by far ruling the market, even 
though recent studies suggested a good suitability of wood ashes or biochar and zeolites.[86,117–119] 
The chromatogram of the MixTreated sample appears consistently reduced in hydrocarbons fraction, 
especially of the compounds at higher retention times, which would generally trend towards having 
higher boiling points and thus a higher tendency to adsorb in activated carbons. 
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 Preliminary studies with         Chapter 4
RDD-SMPS-ICP-MS 

 

Material from this chapter has been published in:  
(II) Mohamed Tarik, Debora Foppiano, Adrian Hess, and Christian Ludwig, A Practical Guide on 

Coupling a Scanning Mobility Particle Sizer and Inductively Coupled Plasma Mass 
Spectrometer (SMPS-ICPMS), J. Vis. Exp., 2017, (125), e55487, doi:10.3791/55487. 

(V) Debora Foppiano, Mohamed Tarik, Elisabeth Müller Gubler, and Christian Ludwig, 
Emissions of Secondary Formed Nano-Objects from the Combustion of Impregnated Wood. 
An Online Size-Resolved Elemental Investigation, Environ. Sci. Technol., 2018, 52, 895-903, 
(in supporting information for publication). 

The NPs suspension preparation and characterization as well as the experiments on a salt solution, 
suspensions, and powders (except for the CuCl2 powder experiment performed by M. Tarik) were 
planned and executed by D. Foppiano, who also took the lead in compiling the manuscript for the 
original publication (V).  
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4.1 Abstract 

A large variety of analytical methods are available to characterize particles in aerosols and 
suspensions. The choice of the appropriate technique depends on the properties to be determined. In 
many fields, information about particle size and chemical composition are of great importance. While 
in aerosol techniques particle size distributions of gas-borne particles are determined online, their 
elemental composition is commonly analyzed offline after an appropriate sampling and preparation 
procedure. To obtain both types of information online and simultaneously, a hyphenated setup was 
recently developed, including a SMPS and an ICP-MS. This allows first to classify the particles with 
respect to their mobility diameter, and then to determine their number concentration and elemental 
composition in parallel. A RDD is used as the introduction system, giving more flexibility regarding 
the use of different aerosol sources. In this work, a practical guide is provided describing the different 
steps for establishing this instrumentation, and how to use this analysis tool. The versatility of this 
hyphenated technique is demonstrated in example measurements on three different aerosols generated 
out of a) a salt solution, b) a suspension, and c) emitted by a thermal process. An additional part 
regarding the ZnO suspension preparation, characterization and thermal behavior in different redox 
conditions are also reported. 

4.2 Experimental and Results 

The instruments and couplings used for these preliminary tests have been already described in 
Chapter 2, in the following session the results of the experiments on a salt solution, a suspension, and 
powders, and some details on the ZnO suspension preparation are given.  

4.2.1 NaCl solution 

Starting from an aqueous NaCl solution (200 µg mL-1), an aerosol generator was used to produce a 
polydispersed aerosol (Fig. 4.2-1 a, b, and c). The ICP-MS and SMPS coupling was chosen to 
monitor simultaneously the particle size distribution (PSD) and the chemical composition of the 
generated aerosol. The signals from the two instruments did not show a substantial change with 
time, and the time-resolved signal of sodium correlates well to the PSDv(volume related PSD) during 
the entire measuring period. Since Na has a relatively high ICP-MS background signal, it results in a 
noisier signal than that recorded by the SMPS. The mode of the PSDn (number related PSD) lies at 
a lower particle diameter than that of the PSDv. Since the generated particles are NaCl particles, the 
behavior of the Cl signal is like that of Na and correlates well with the volume-related SMPS data 
(data not shown). The NaCl measurement is a simple example showing that a steady-state process 
can be controlled/monitored well with the coupled SMPS-ICP-MS system. This setup can also be 
used in such experiments as an online analytical tool to reveal the effects of different experimental 
parameters on the properties of the generated particles. Moreover, the example of NaCl shows that 
keeping the experimental conditions constant results in a steady state time-resolved signal.  
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Figure 4.2-1.: SMPS-ICP-MS data of the measurement of the NaCl solution. a) ICP-MS corrected signal of 23Na. b) 
Volume related particle size distribution (PSDv). c) The corresponding number related particle size distribution (PSDn). 
The SMPS concentrations and ICP-MS intensities are plotted as functions of mobility diameter (dp) and time. 

4.2.2 ZnO suspension 

4.2.2.1 ZnO suspension preparation and offline characterization 

For the suspension preparation a commercial powder of zinc oxide (AUER – REMY), was used. For 
the colloidal stability of ZnO particles dispersion, two main conditions are required and reported in 
literature, either particular pH conditions or the use of different ligands to control both steric and 
electrostatic forces between the nanoparticles. Among the different ligands used for that purpose, 
Poly Acrylic Acid (PAA) is shown to be one of the most efficient,[120] also in the case of synthesis of 
ZnO nanoparticles.[121] In our case, a solution of Poly Acrylic Acid (PAA) at 0.1% wt (pH~9), was 
used. The specifications provided by the company about the powder are reported in Appendix A 
(Table A.2.1-1). 
A suspension 0.3% wt of zinc oxide (Suspension A) was prepared by mixing 333.3 mg of the 
commercial powder in 100 g of dispersant. The amount of nano-powder used was chosen, according 
to the minimum weight Wmin needed to have a representative sample. [122] A treatment with an 
ultrasonic horn was applied three times for two minutes, much more effective than bath immersion in 
terms of size reduction rate, minimum achievable size, and rate of sedimentation, for concentrated 
dispersions.[123] The second suspension with a concentration of 600 ppm of ZnO (suspension B) was 
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prepared by dilution of Suspension A with the same dispersant solution, under constant magnetic 
stirring. The homogenization included the use of an ultrasonic bath for 6 minutes, repeated twice. 
With the same procedure of suspension B, also another suspension with a ZnO concentration of 30 
ppm was prepared (suspension C). 
In collaboration with the advanced nanoparticle synthesis laboratory in our group (CPM at PSI), the 
suspensions were characterized with the use of two different instruments, a Malvern Zetasizer Nano 
series and a Brookhaven X-ray disc centrifuge (BI-XDC). The effective Zn concentration was also 
measured by ICP-MS in Suspension B and is reported in Appendix A in Table A.2.2-1. The table 
A.2.2-2 in Appendix A reports a mode of nearly 130 nm as result of the volume distribution 
measured with the Zetasizer. The X-ray disc centrifuge determination, instead, provides a volume 
distribution with a mean at nearly 200 nm (table A.2.2-3 in Appendix A), in good agreement with 
some bigger particles seen in SEM and TEM analyses (Figures A.2.1-1 and A.2.1-2).  

4.2.2.2 RDD-SMPS-ICP-MS online characterization 

 
Figure 4.2-2. SMPS-ICPMS data of the ZnO suspension. A) Number-based PSD (PSDn), recorded by SMPS. B) The 
corresponding volume-based PSD (PSDv) and corrected 66Zn signal, detected by ICPMS. The three signals are an 
average over 4 SMPS scans. 

The RDD-SMPS-ICP-MS setup was used as a tool to measure online the particles generated from the 
ZnO suspension (Fig. 4.2-2). Assuming a morphology of spherical particles, the measurement with 
SMPS showed a mode around 130 nm, which is in good agreement with the measurement performed 
with the Zeta sizer nano series. As can be seen in Figure 4.2-2 a and b, the PSDv appears shifted 
towards larger particles when compared to PSDn, as seen for the NaCl measurement. Moreover, at 
large particle diameters, the ICP-MS intensity curve lies slightly below the curve detected by SMPS. 
SMPS measuring data are originally based on particle numbers, while ICP-MS intensities are 
proportional to the mass concentration. To compare the size-resolved signals, only the volume related 
PSD were considered by multiplying the size-resolved number concentrations by the calculated 
particle volume.[107] 
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4.2.2.3 Thermal treatment of ZnO suspension in oxidizing and reducing atmosphere 

A thermal treatment on the ZnO suspension B (600 µg mL-1) was performed in oxidizing and 
reducing atmosphere, by adding a flow of 50 mL min-1 of O2 and H2, respectively. In the two 
different series of experiments, dried particles were injected into a tubular furnace, applying the 
thermal treatment also shown in Figure 4.2-3 (brown line), where, firstly, the SMPS and ICP-MS 
signals under oxidizing conditions are represented. The 66Zn ICP-MS mass intensity (Fig. 4.2-3b) 
shows that in oxidizing conditions the particles containing Zn have a PSD in a size range between 
nearly 100 and 299 nm, with more or less constant intensity. Up to a temperature of 620°C, PAA 
(used to stabilize the suspension) contribute partially to the total PSD, most probably in the outer 
layer. As reported in a study measuring weight losses with TGA[121], is between 200 and 600°C that 
organic compound adsorbed on the nanoparticles surface, such as PAA, are removed. Indeed, at 
728°C, the volume-based PSD measured matches perfectly the time-resolved ICP-MS signal of Zn 
(Fig. 4.2-3b), suggesting the complete removal of PAA particles.  

 
Figure 4.2-3 (a) Volume related particle size distribution of ZnO suspension, (b) ICP-MS mass intensity of 66Zn, in 
presence of O2 (50 mL min-1 . 

 

Figure 4.2-4 (a) 3d surface of number-related PSD of ZnO suspension, (b) 3d surface of number-related PSD of 
dispersant solution (Polyacrylic acid 0.1wt%). 
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Figure 4.2-4, reports a comparison between measurement on ZnO suspension and on PAA dispersant 
solution and shows that after approximately at 600°C, the contribution of PAA to the total particle 
size distribution is not relevant anymore, while a clear PSD is still measurable in the case of ZnO 
suspension. On the other hand, under reducing conditions and after a temperature of about 750°C, 
the concentration of Zn-containing particles decreases drastically to the background level at 840°C, as 
shown in Figure 4.2-5. A gray deposition on the quartz tube of the tubular furnace was noticed, 
suggesting agglomeration and condensation phenomena involving larger particles in the cold zone of 
the tube. The deposited material was washed out, dissolved and analyzed by ICP-MS. A Zn amount 
of 134.8 µg was found. The particle size distribution measured with the modified SMPS, operating in 
argon, was further confirmed with a reference instrument, a commercial air-operated SMPS from 
TSI. As it is shown in Figure 4.2-6, the two diagrams present a very similar PSD differing only 
slightly in term of concentration, due mainly to the different sensitivity of the two instruments. 

 
Figure 4.2-5 (a) ICP-MS Corrected and raw intensity of 66Zn in reducing atmosphere of a size-classified particle with the 
use of SMPS, and(b) not size-classified particles (without the use of SMPS), respectively. 

 
 

Figure 4.2-6 Volume related particle size distribution of ZnO suspension measured with the modified SMPS (Mod_SMPS) 
in-house build (a) and measured with a commercial SMPS (Ref_SMPS) from TSI company (b), in presence of H2 

 (50 mL min-1). 



4. Preliminary studies with RDD-SMPS-ICP-MS 

57 

4.2.3 Powders thermal treatment  

4.2.3.1 CuCl2 powder thermal treatment 

In this section, the results of the thermal treatment of a CuCl2 sample by using the TGA are 
presented. Figure 4.2-7 shows the PSDn recorded for particles down to 20 nm at the beginning of the 
TGA heating (at about 21 min on time axis, i.e. at the beginning of the 7th SMPS scan). 
Subsequently, the particle concentration in PSDn reaches a steady state when the temperature is 
maintained constant and the particles cover a size range between 60 and 250 nm. A slight increase is 
observed in the particle size after the 11th SMPS scan (at about 30 min on time axis). Considering 
PSDv (Fig. 4.2-7b), the contribution of the different particle sizes is quite different from that of 
PSDn, and with the PSDv increasing significantly mainly between 150 and 330 nm. While the ICP-
MS signal of Cu shown in Figure 4.2-7c correlates well with the PSDv. 
Figures 4.2-7 d and e show the corrected and raw 35Cl intensity during the up and down scans, 
respectively. After the starting point of the heating period, besides the intensity corresponding to 
particles of chlorine species, a constant Cl intensity covers the particle size range measured (in the 
time interval 18 to 33 min, i.e. from the 7th to the 11th SMPS scan). This is due to the evaporation of 
Cl gaseous species. The chlorine particulates are recorded in the same size range as copper, especially 
with a diameter above 150 nm. Another experiment using the same sample (CuCl2) was performed 
without SMPS and by using only the TGA-RDD-ICP-MS setup. Here the ICP-MS signal of the non-
classified aerosol particles was measured (Figure 4.2-7f). Similar to the case of SMPS-ICP-MS, an 
increase of both signals (Cl and Cu) in the last scans can be observed. In the examples presented, the 
correlation between the time-resolved ICP-MS signal of Cu and PSDv is obvious. For a mixed-source 
aerosol with different particles, the contribution of each element in the overall PSDv is determined 
by the ICP-MS signals. Therefore, the SMPS-ICP-MS setup allows monitoring changes in elemental 
and/or size concentration of the generated aerosol. For instance, the higher signal of PSDn in the 
CuCl2 experiment (Fig. 4.2-7c) may be caused by the abrupt start of the heating process. While, the 
increase in SMPS and ICP-MS signals during the final scans can be explained by the change of the 
temperature gradient of the CuCl2 sample with time, which changes the total amount of the material 
reaching the evaporation temperature. Finally, considering the SMPS output data, the concentration 
in PSDv is shifted towards larger particle size than in PSDn. This is because the signal is multiplied 
with the 3rd power of the particle diameter to convert PSDn to PSDv, resulting in a stronger 
weighting of large particles in the volume than in the number regime. On the other hand, the SMPS-
ICP-MS combination allows not only to measure but also to distinguish between gas and particle 
species. Indeed, the part of the signal related to the PM can be easily distinguished from that of 
gaseous compounds, because the ICP-MS signal of the latter covers the entire size range and does not 
follow a distribution shape such as that of the signal related to particles. This is due to the fact that 
the SMPS scanning has no effect on gaseous species, and the ICP-MS measures the total intensity of 
a given isotope. This behavior is demonstrated by measuring Cl, which evaporates not only as 
particles but also as gaseous species (Fig. 4.2-7 d and e). Indeed, thermodynamic calculations showed 



4. Preliminary studies with RDD-SMPS-ICP-MS 

58 

that under oxidizing conditions CuCl2 is evaporated at about 450°C as Cl2 gas and as condensable 
species CuCl2, Cu3Cl3 and Cu4Cl4 (data not shown). 

 

Figure 4.2-7 SMPS-ICPMS data from measuring CuCl2 evaporation by using the TGA. (a) 2D plot of PSDn (b) 2D plot 
of PSDv. (c) 2D plot of 63Cu ICPMS signal. (d) 2D plot of 35Cl ICPMS signal. (e) Non-corrected raw 35Cl ICPMS signal 
vs. time. (f) ICPMS signal of 65Cu and 35Cl recorded during thermal treatment of CuCl2 by using TG-RDD-ICPMS setup 
(without SMPS). In both experiments (with and without SMPS) blank signals at 25 °C are measured for about 18 min (6 
SMPS scans), before starting and maintaining the heating period (for 15 min) at 450 °C. The recording of SMPS-ICPMS 
signals was started at the same time as that of the TGA signals and was stopped 1 scan after switching it off (resulting in 
a total of 12 SMPS scans). 
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4.2.3.2 ZnO powder thermal treatment 

The thermal treatment tests performed on the ZnO nanopowder under reducing atmosphere 
confirmed literature data, showing a change in morphology and chemical composition. Fine particles 
are detected by SMPS-ICP-MS measurement with a maximum concentration at about 823°C (Fig. 
4.2-8). Part of the generated particles was lost as deposition on the liner and the quartz tube of the 
tubular furnace. This deposition was collected with HCl and milliQ water, in order to estimate the 
Zn concentration. A Zn content of approximately 26.2 mg was measured by ICP-MS¸ showing that 
nearly half of the starting amount of ZnO powder was lost in the cold zone of the tube.  

In a second experiment repeated in the same conditions, the deposited material was collected using 
ethanol, and dispersed with an ultrasonic horn to be deposited on an Al stub for subsequent SEM-
EDX analysis. 

 
 
Figure 4.2-8 ZnO powder thermal treatment, in presence of H2 (50 ml min-1). (a) Volume-related PSD of ZnO powder, 
(b) corrected ICP-MS mass intensity of 66Zn, (c) Number-related PSD, (d) number related ICP-MS intensity of 66Zn. 

The SEM and EDX analyses reported in Figure 4.2-9, show the presence of two different 
morphologies. The spectrum (b) corresponding to the hexagonal prismatic indicates only the presence 
of Zinc, while the spectrum (c), recorded for the flower-like type morphology, shows also a clear 
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oxygen signal, suggesting Zn metallic for the first and ZnO for the second one. A different analysis 
was performed on submicron particles collected in the flue gas after size-selection in the DMA. The 
TEM analysis shows a core-shell structure, proving the reduction of ZnO to Zn(g), followed by 
further condensation to smaller particles with an outer passivation layer of ZnO, as soon as 
temperature reaches a value lower than 830°C. 

 
 
Figure 4.2-9 SEM micrograph of ZnO powder (a), after thermal treatment in presence of H2 (50 ml min-1); EDXS 
spectra of the prismatic hexagonal (b) and flower like type (c) morphology. TEM micrograph on size-selected particles 
collected at the outlet of the DMA(d), after thermal treatment in presence of H2 (50 ml min-1); corresponding 
indexation of electron diffraction pattern (e) and EDX spectrum (f). 
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A calibration strategy for the hyphenated RDD-SMPS-ICP-MS setup is here presented. Evaporation 
experiments of ZnCl2 powder were performed at four different temperatures, using a TGA as an 
aerosol source to correlate linearly the weight in loss of the TGA with the averaged ICP-MS 
intensities measured in transient mode. The calibration curve of Zn showed a good correlation factor 
(R2= 0.9985) and a sensitivity of 20.95 103 counts ng-1.The LoD (limit of detection) of the method 
was estimated to be ~32 ng cm-3, once the total dilution of the whole setup is considered. A second 
set of experiments was performed, where ZnO and CaCl2 •2H2O powders were used as reactants to 
generate ZnCl2 particles. The output data of the two instruments were treated and appropriately 
converted, to allow a direct and quantitative comparison between the performances of SMPS and 
ICP-MS. The ICP-MS signal of Zn was quantified by using the external calibration performed with 
the coupling of a TGA with an ICP-MS, while the SMPS volume data used two general assumptions, 
namely spherical morphology and bulk density of ZnCl2. Additional TEM analysis performed on the 
size-selected ZnCl2 particles allowed to check their morphology. The proposed calibration strategy of 
the ICP-MS signals enables to evaluate the SMPS quantification procedure Additionally, a mixture 
of several metal chlorides particles generated by the reaction of metal oxides (PbO, CdO, CuO, ZnO) 
with CaCl2 •2H2O was considered in order to assess the resolving power of the technique in complex 
heterogeneous matrices. 

5.1 Experimental section 

5.1.1 Instrumentation  

Figure 5.1-1 Setup scheme. TGA (thermogravimetric analyzer): aerosol source; RDD (rotating disc diluter): dilution 
and sampling system; SMPS (scanning mobility particle sizer): size-selection; ICP-MS (inductively coupled plasma 
mass spectrometry): elemental composition. 

Figure 5.1-1 represents a schematic of the setup RDD-SMPS-ICP-MS. A thermogravimetric analyser 
is employed as an aerosol source, providing specific information about the weight loss of the sample 
meanwhile the particles are generated through evaporation of the initial amount. The protective and 
reactive gases were set to give a total of 100 mL min-1, in some cases as a mixture of Ar/O2 while in 
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others as Ar solely. Figure 5.1-1 represents the TGA configuration in real scale. The outgoing flow is 
accurately measured with a primary flow calibrator (Gilibrator 2, Gillian, USA). An additional Argon 
flow of 230 mL min-1 was radially added at the outlet of the TGA and the RDD (Matter Aerosol, 
Switzerland) was employed as conditioning, dilution and sampling system to control the introduction 
into the analytical setup. The combined effect of the dilution at the outlet of the TGA and inside the 
RDD is acting efficiently as quench gas to minimize losses and prevent the agglomeration. The 
temperature of the RDD disk was kept to 120°C to avoid deposition on the cavities and the dilution 
Argon flow was set to 0.6 L min-1. The aerosol flow is further directed to an evaporation tube set at 
350°C in order to avoid condensation and agglomeration of the particles before introducing them into 
the in-house developed SMPS operating with Ar instead of Air.[124] Once the particles are size–
selected the resulting flow is split in between the CPC and the ICP-MS (30:70). The CPC is counting 
the particles, while ICP-MS (Agilent 7700x) provides information on their elemental composition. An 
additional flow of 4 mL min-1 of Xe/Ar mixture (100 ppmv Xe in Ar from Carbagas, A1AW4RL, 
Saphir quality) was added at the ICP-MS inlet, in order to optimize the operating parameter of ICP-
MS and to monitor any drift of the signal during the analysis. 

5.1.2 Calibration experiment with ZnCl2 powder 

In order to calibrate the RDD-SMPS-ICP-MS system, i.e. to quantify the ICP-MS signal, evaporation 
experiments of ZnCl2 powder were performed using a TGA as an aerosol source. As mentioned in the 
instrumental description, the gas flow inside the TGA was set to have a total flow of 100 mL min-1 of 
Ar (reactive gas: 46 mL min-1; protective gas 54 mL min-1). An alumina crucible with 40 mg of ZnCl2 
anhydrous powder was placed in the furnace. In order to ensure a reproducible evaporation of 
particles over time, the sample was pre-treated at 330°C (the melting temperature) and a ZnCl2 
uniform layer was obtained on the crucible surface. The melting temperature was confirmed by 
previous experiments on ZnCl2 powder at a constant heating rate of 5°C min-1 up to 600°C (see Fig. 
5.1-2). Owing to evaporation behaviour observed in this experiment and the thermochemical 
calculations using HSC software (version 7.0 from Outotech)[125] reported in Figure 5.1-3, the TGA 
program for the calibration experiment was set as follow: the temperature was maintained constant 
at 330°, 410°, 430° and 450°C for 15 min each. The heating rate between these temperatures was set 
to 5°C min-1 (see Fig. A.3.1 in Appendix A). 

Table 5-1 Operating conditions of the ICP-MS (Agilent 7700x) 

Parameters ICP-MS (Agilent 7700x) 

Power 1350 W 

Sampling depth 8 mm 

Nebulizer gas  0.42 L min-1 

Dilution gas (Ar) 0.58 L min-1 

Xe/Ar (100 ppm v Xe in Ar) 4 mL min-1 

He (collision cell) 1.5 mL min-1 
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Once the aerosol is generated from the TGA, it followed the path shown in Figure 5.1-1 and 
described in paragraph 5.1.1, except for the DMA which was by-passed using a conductive tube. 
Table 5-1 is summarizing the operating conditions used for ICP-MS during the experiments. 

 

Figure 5.1-2 Evaporation studies on ZnCl2 powder at constant heating rate (5°C min-1) between 25-600 °C 

 

Figure 5.1-3 Thermochemical calculation on ZnCl2 evaporation with HSC software.  The grey area highlighted 
represents the range of temperatures investigated. 

5.1.3 Calibration experiment with CdCl2 powder 

In order to quantify the ICP-MS signal of Cd and to calibrate the RDD-SMPS-ICP-MS system, 
evaporation experiments of CdCl2 powder were performed using a TGA as an aerosol source. The 
total gas flow inside the TGA was set to 100 ml min-1 (reactive gas O2: 46 mL min-1; protective gas 
Ar: 54 mL min-1). An alumina crucible with nearly 40 mg of CdCl2 anhydrous powder was placed in 
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the furnace. In order to identify the most suitable temperature range for our experiments, 
thermochemical calculations were performed with HSC software (Fig.A.3.2 in Appendix A). 
Consequently, the TGA program for the calibration experiment was set as follows: the temperature 
was maintained constant at 439°, 457°, 475°, 493° and 511°C for 15 min each. The heating rate 
between these temperatures was set to 5°C min-1 (Fig. A.3.3 in Appendix A). The isotope 111Cd was 
measured by using ICP-MS with an integration time of 0.2 s with the same operating conditions 
reported in Table 5.1-1.  

5.1.4 ZnCl2 particle analysis 

ZnO and CaCl2 •2H2O powders were used as reactants to generate ZnCl2 particles. Previous 
thermochemical calculations with HSC software (Fig.5.1-4) allowed to predict the generated species 
and to choose the optimal range of temperature. A constant heating rate of 10°C min-1 was set 
between 25°C and 850°C with an isothermal step at the last temperature for 20 minutes (see Fig. 
A.3.4 in Appendix A), using O2 instead of Ar as a reactive gas, in the same ratio reported in the 
previous section. A mixture of 25 mg of ZnO and 60 mg of CaCl2 •2H2O was introduced into the 
furnace and the generated aerosol was first diluted at the outlet of the TGA and in the RDD (total 
dilution DF = 108) and then introduced into the DMA. Using the ICP-MS, a transient signal of the 
isotope 66Zn was acquired (integration time 0.2 s), while the CPC measured simultaneously the 
particle concentration of the size-selected particles. 124Xe isotope was measured at the same time to 
control the plasma stability and to monitor any possible drift occurring during the experiment. 

 

 
Figure 5.1-4Thermochemical calculation on ZnO and CaCl2 system with HSC software.  The grey area highlighted 
represents the range of temperatures investigated. 

5.1.5 Mixture of different metal chlorides particles analysis

PdO, CdO, CuO, ZnO, and CaCl2 •2H2O powders were used as reactants to generate a mixture of 
different metal chlorides (PbCl2, CdCl2, CuCl2 and ZnCl2) particles. As a results of the 
thermochemical calculations with HSC software (Fig.5.1-5), the temperature was increased between 
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25°C and 850°C at a constant heating rate of 10°C min-1, then an isothermal step at 850°C was 
maintained for 20 minutes (Fig. A.3.4 in appendix A), using O2 as a reactive gas, in the same ratio 
reported above. A mixture of 25 mg of ZnO, 10 mg of PbO, 7 mg of CdO, 4 mg of CuO and 83 mg of 
CaCl2

 •2H2O was introduced into the furnace and the generated aerosol was initially diluted at the 
outlet of the TGA and in the RDD (total dilution factor: DF= 108) and later introduced into the 
DMA.  Transient signals of the isotopes 206Pb, 111Cd, 63Cu, and 66Zn were acquired (with an 
integration time of 0.2 s each) by ICP-MS, while the CPC was measuring concurrently the particle 
concentration of the size-selected particles. 

 
Figure 5.1-5 Thermochemical calculation on PbO, CdO, CuO and ZnO reactions with CaCl2 with HSC software. The 
molar ratio resembles exactly the ones used in our experimental procedure.  

5.1.6 TEM analysis: experimental procedure 

Similar experiments, such as describe in section 5.1.4 and 5.1.5, were repeated to collect the size-
selected particles on a TEM grid (Quantifoil R 1.2/1.3 Cu- 400 mesh, S143-3, PLANO GmbH) for 
following imaging and EDXS analysis. The particles were sampled with an aspiration EM grid 
sampler, following the specification already described in Chapter 2. The particular hygroscopic nature 
of the material was not allowing a direct exposure to air. Therefore, the sample was kept in Argon 
atmosphere, moved to a glove-box and introduced there into a special sample holder equipped with a 
sliding specimen protection cover (often used in the cryo-TEM analysis). 

5.1.7 Data evaluation

Figure 5.1-6 illustrates the different steps of the developed ICP-MS calibration strategy using TGA 
and how to compare the data of the two different instruments (ICP-MS and SMPS). The SMPS is 
providing information on the mobility diameter of particles and their number concentration, while 
the ICP-MS is providing information about the intensity of a specific isotope as a function of time. 
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Since the instruments are synchronized, by comparison of acquisition time of SMPS and ICP-MS 
signals, these latter can be expressed as a function of the mobility diameter. The quantification 
concept includes different conversion processes for the two instruments which lead to a direct and 
quantitative comparison of SMPS and ICP-MS data. On one hand, the SMPS number-based data 
has to be transformed first into volume-related data by assuming spherical geometry of the particles 
(Fig. 5.1-6D). On the other hand, the possibility of a linear correlation between the signal of weight 
loss in the TGA and the intensity in ICP-MS (Fig. 5.1-6A) enables to perform an external calibration 
of the ICP-MS intensity and express it in mass concentration (Fig. 5.1-6C). The calibration curve 
can be obtained by plotting the average of the transient signal of ICP-MS collected at constant 
temperature and for 15 min as a function of the TGA weight loss rate (Fig 5.1-6B). In the case of a 
single compound measurement in which the chemical composition is known, namely “ZnCl2”or 
“CdCl2”, the SMPS signal can be also converted into ng cm-3 by using the density of the 
corresponding bulk material (Fig. 5.1-6E). The formula shown in Fig. 5.1-6 represents the relative 
variation of the resulting ICP-MS and SMPS quantified data and it is used to evaluate how the 
assumptions adopted are influencing the output of SMPS results. 

 

Figure 5.1-6 Data evaluation and calibration strategy TGA-ICP-MS 
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5.2 Results and discussion 

5.2.1 ICP-MS calibration 

The TG-ICP-MS calibration was obtained by correlating the weight loss rate of ZnCl2 or CdCl2 and 
the corresponding ICP-MS intensity measured at four different temperatures. Each point corresponds 
to an average of an ICP signal recorded during 15 min and taking into consideration the time needed 
to stabilize the TGA temperature. The calibration curve of Zn is plotted in Figure 5.2-1 as an 
example of linear correlation, while an example of quadratic fitting is reported for the Cd calibration 
is reported in appendix A in Figure A.3.5. In Fig. 5.2-1 is reported also the good correlation factor 
(R2= 0.9985) with a sensitivity of 349.1 cps min ng-1 or 20.95 103 counts ng-1 (if the total dilution 
factor is taken into account). The RSD % (relative standard deviation) calculated for each averaged 
ICP-MS value is lower than 4% , represented here below as a blue error bar. The LOD  of the 
method is estimated to be ~32 ng cm-3.  Taking into account the total dilution of the whole setup 
(including RDD and the flow dilutions), the LOD at the ICP-MS inlet is ~0.1 ng cm-3. The linearity 
of the signal response would be affected at low evaporation rates and could lead to a calibration of 
the second order in this particular region. Therefore, the evaporation rates were carefully selected in 
such a way that only a linear response is considered and the interpolation is avoided at the extremes 
of the curve.  his type of calibration was applied for the first time for ICP-OES signals by Ludwig et 
al.[67] However the reported method was developed merely for the elemental analysis of thermal-
evaporated metals. The applications of TG-ICP-OES were mainly studies on waste incinerators 
facilities, thermal treatment of electronic scrap, and biomass for heavy metal separations.[15,126,127] 

 

Figure 5.2-1 Calibration of the TG-ICP-MS for Zn; the dark lines on the grey triangle represent the RSD% for each point 
(RSD < 4%). 
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5.2.2 SMPS and ICP-MS data comparison

As mentioned above the measurement of one compound by ICP-MS and SMPS allows comparing 
directly the performance of these two instruments. 
Fig. 5.2-2 represents the volume-related PSD (calculated from SMPS data) and the corrected ICP-
MS mass intensity of 66Zn, as a function of the mobility diameter. The contour plots are a sequence 
of several scans (3 min each) like the ones reported. Once combined all of the single scans linearly in 
time, the ICP-MS intensity or the PSD can be read in the contour plot with the colour scale, as a 
function of mobility diameter and time. The temperature is not shown in these diagrams; however, 
the time in the x-axis is proportional to the temperature which was increased with a constant rate of 
5°C min-1 from 25°C to 600°C. The two plots correlate well, except for a small increase in the 
concentration measured by SMPS for larger particles between 18 and 36 min, which were not 
observed by ICP-MS. This can be explained by the fact that unlike ICP-MS, which measured only 
Zn, SMPS analysis covered the overall particles generated during the reaction within the selected size 
range. The solid reaction between ZnO and CaCl2 •2H2O is in fact generating not only ZnCl2 but also 
H2O particles, as soon as CaCl2 •2H2O starts to melt and lose its hydration molecules. These plots 
can be expressed in the same unit as ng cm-3 using the calibration strategy already explained in the 
data evaluation paragraph. The ICP-MS signals of Zn was quantified by using the external 
calibration performed with TG-ICP-MS coupling, while the SMPS volume data used two general 
assumptions, namely spherical morphology and bulk density of ZnCl2. 

 
Figure 5.2-2 Volume-related particle size distribution and 66Zn ICP-MS Intensity contour plots; examples 
below of a single scan in between 18 and 21 min of acquisition time. 
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The reproducibility of the analysis can be evaluated by comparing different replicates (Fig.A.3.6 in 
Appendix A presents an example of a repetitive analysis for the same sample in Fig.5.2-2,in the same 
operating conditions). The results show that the PSDs follow the same trend with an RSD for small 
particles (<20 nm) and bigger particles (>50nm) of about 10%. The RDD-SMPS-ICP-MS setup is 
developed to accurately measure the particle size and concentration on a given sampling point (in 
this case the inlet of the RDD) independent of the combustion process and the behaviour of the 
particles along the pathways from the emission source to the sampling point. Provided that the 
parameters of the combustion process and the sampling conditions for a given sample are the same, 
the reproducibility of the particle concentration and the mobility diameter are defined by the ICP-
MS and SMPS performances, respectively. The uncertainty budget of the overall setup can be 
estimated by considering the uncertainty contribution of each instrument. Previous studies 
demonstrated that the uncertainty of SMPS sizing is usually  2%,[128] while the uncertainty for 
ICP-MS signals lies below 5%.[129] The TEM analysis performed on ZnCl2 particles, allowed to check 
the morphology of the size-selected particles, which was found to be spherical. Additionally, the EDX 
analysis confirmed the elemental composition of the sampled particles as ZnCl2 (Fig.5.2-3). In Figure 
5.2-4 the quantified SMPS and ICP-MS data are presented in the same unit (ng cm-3).  

 

Figure 5.2-3 TEM analysis showing spherical morphology; EDX analysis confirmed the elemental composition of ZnCl2 
particles. 

 

Figure 5.2-4 ZnCl2 mass related PSD, ZnCl2 ICP-MS concentration and SMPS-ICPMS data relative difference (%). 
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At first sight, a good correlation can be noticed regarding the ZnCl2 concentration values for both 
instruments. However, an accurate comparison can be made only when the relative difference (in %) 
between the two sets of data is calculated, using the formula shown in paragraph 5.1-6, which 
considers only the positive values of the difference. 
Small variations (<1%) between the two instruments depends mostly on SMPS overestimations of 
the concentration compared to ICP-MS. In order to better understand this observation, a small 
discussion on the detection limit of the two instruments is needed. Regarding SMPS, the 
performances in the analyses are defined based on the cut-off diameter (depending on the DMA unit) 
and the dynamic range (depending on the CPC unit). The cut-off is the lowest value of mobility 
diameter that in our operating conditions can be determined, which is 13 nm (until a maximum value 
of 300 nm). The dynamic range is defined as the operation range in which SMPS is providing reliable 
results in terms of concentration, which for our instrument is in between 0 and 2 104 particles cm-3. 
This means that any particle introduced into the CPC (lying in the dynamic range) is generating a 
response in concentration, even the particles generated from the released hydration molecules during 
ZnO and CaCl2 •2H2O reaction. The ICP-MS, instead, is sensitive specifically to the mass/charge 
ratio selected (66Zn in this case) and the quantification is linked to the LOD of the method.  
Significant variations of SMPS data from ICP-MS are considered from 1% to 30% and are clearly 
visible in colour scale in Fig.5.2-4, in particular for larger particles above 100 nm and for smaller 
particles between 13 and 40 nm. Those differences can be explained as deviations from the two main 
assumptions used for SMPS data treatment. Larger particles, for instance, present a deviation from 
spherical geometry due to agglomeration phenomena. While, for smaller particles the use of the 
effective density would be more accurate than the bulk density. Particles can have a very different 
value of density depending on their size and asphericity. Thus, it is relevant to introduce also the 
concept of dynamic shape factor (DSF), from which the effective density can be derived. Hinds 
defined the DSF as the ratio of the drag force on an aspherical particle to the drag force on a 
spherical particle with a volume equivalent diameter dve.[8] Furthermore, Zelenyuk extensively 
reported how the equivalent volume diameter can be linked to both mobility diameter (db) and 
aerodynamic diameter (dva). In particular for spherical particles, the DSF is normally 1 and the 
effective density is proportional to the ratio between dva and db. However, the DSF can vary a lot 
depending on particle size, pressure and particle alignment in electric or aerodynamic flow fields and 
most of all as a function of asphericity, because of which the value of DSF is usually larger than 
1.[130] So far the use of different aerosol instruments in tandem made possible to measure the two 
different parameter dva and db simultaneously or sequentially, in order to derive properties like DSF 
and effective density. In literature are reported different coupling which includes mainly DMA or 
SMPS for the mobility diameter and lots of other variations for dva, such as APM (aerosol particle 
mass) classifiers, impactors, AAC (aerodynamic aerosol classifier), mass spectrometers and aerosol 
mass spectrometers.[131–133] In this case, it was not possible to define the exact value of effective 
density of the smaller particles since the particle size is laying beyond the usual cut-off limits of 
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instruments employed for the determination of the aerodynamic diameter, but it is confirmed to be 
lower than the bulk density. 

5.2.3 Mixture of different metal chlorides particles analysis 

To assess the resolution power of the technique, a complex mixture of several metal chlorides 
particles generated by the reaction of metal oxides (PbO, CdO, CuO, ZnO) with CaCl2 •2H2O was 
considered. The first purpose of these experiments was to distinguish the single contribution of each 
element in the overall particle size distribution (PSD). Although SMPS is performing the size-
selection and providing information about the particle size, the volume-related concentration 
obtained (Fig. 5.2-5A) refers only to the overall amount of particles generated during the process. As 
a result of the time synchronization between the two instruments, the ICP-MS intensities can be also 
expressed as a function of particle size and, therefore, it is possible to determine the single-element 
contribution to the overall PSD. For instance, as can be seen in Fig. 5.2-5B, the signal relative 
to 206Pb resembles quite closely the PSD measured in SMPS and results in a much higher intensity 
compared to all the other elements, i.e. the emission of particles containing Pb cover all PSD 
measured by SMPS. Furthermore, 111Cd and 66Zn follow the same emission pattern as Pb, even 
though the related intensity is lower. In the case of 63Cu, instead, the evaporation occurred later on 
at a higher temperature, with a consistent contribution to the PSD only in the fraction of larger 
particles above 150 nm. The morphology and the particle size were analyzed also with TEM 
(transmission electron microscopy) in order to confirm the SMPS results (Fig. A.3.7 in Appendix A).  

 

Figure 5.2-5 (A): SMPS particle size volume distribution of the overall amount of particles generated; (B): ICP-MS 
intensities of 206Pb, 63Cu, 111Cd, 66Zn (same scale of intensities for all of them).

The second purpose of these experiments regarded the quantification of metals content emitted over 
time. Firstly, it was calculated that 272 µg min-1 (RSD%=0.7) of the initial sample was released over 
time with a total loss of 17.1009 ± 0.0017 mg during the overall analysis, as can be seen in Figure 
5.4-6. Secondly, the contribution of two of the metals in the overall PSD was determined.  
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In section 5.2.2 it was already shown how the 66Zn ICP-MS signal could be quantified and expressed 
in ng cm-3, thanks to the calibration strategy by coupling ICP-MS with a TGA. As mentioned in the 
paragraph 5.1.3, we performed this type of calibration also for 111Cd (shown in Fig.A.3.5) and used 
those two calibration curves to quantify the metal emissions during the evaporation experiment with 
the mixture of metal chlorides. In summary, as Fig. 5.2-7 is showing, not only elemental detection is 
performed with high resolving power but also the determination of the mass contribution of a specific 
element in the overall PSD is possible.  

Figure 5.2-6 Total weight loss over time during experiment with PbO, CdO, CuO, ZnO and CaCl2(H2O)2 powders. The 
time scale reported in this plot is not corresponding to the one shown in Fig. 5.2-5, the measurement with SMPS and 
ICP-MS was started once stabilization of the sample weight was reached (indicated in the plot with an orange line). 

 
 

Figure 5.2-7 Zn (A) and Cd (B) concentration obtained by extrapolation from TGA-ICP-MS calibration 
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The results of this analytical method are promising and it can be applied for different applications. 
For instance, to study thermochemical and kinetical properties, as the evaporation rate of high 
boiling point metal compounds. In previous attempts by Ludwig et al.,[23,66] only the elemental 
composition was acquired, whereas the SMPS-ICP-MS setup can help to obtain size-resolved and 
elemental information at the same time. On the other hand, characterization of flame-synthesized 
particles and inorganic particles detection from diesel engines or combustion emissions might be as 
well interesting as other applications for the RDD-SMPS-ICP-MS system, since the concentration 
levels are high and often requires an extensive dilution. 
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The release of secondary nano-objects formed during waste combustion processes is becoming a 
matter of concern, considering their known toxicity and the fact that the 100% efficiency of filtering 
systems is not always ensured. An increased cytotoxicity and genotoxicity on human peripheral blood 
lymphocytes is known particularly in the case of ZnO, which is often contained in paints and 
waterproof agents, heading to a relevant quantity present in the waste wood material. In this study, 
the behavior of ZnO nanoparticles during wood combustion and the effect of the reduction potential 
of generated carbon species on the release of secondarily formed ZnO-containing nano-objects were 
investigated. By hyphenating a modified scanning mobility particle sizer (SMPS) and inductively 
coupled mass spectrometry (ICP-MS), it was possible to obtain simultaneously size-resolved and 
chemical information on the emitted nanoparticles. Through the established correlation between 
SMPS and ICP-MS signals, Zn-containing particles were efficiently resolved from the combustion 
generated particles and the Zn content estimated thanks to the calibration strategy coupling a TGA 
with the RDD-SMPS-ICP-MS. Transmission electron microscopy (TEM) and energy-dispersive X-ray 
spectroscopy (EDXS) on size-selected particles confirmed the SMPS and ICP-MS data. The use of 
electron diffraction allowed determining the structure of the crystalline materials as hexagonal ZnO. 
A possible mechanism of reduction of ZnO to Zn and further reformation as secondary nano-objects 
is proposed. 

6.1 Experimental section 

6.1.1 Instrumental arrangement  

The experimental setup consisted of a tubular furnace, used as a lab-scale incinerator (Heraeus, RE 
1.1), connected to the SMPS-ICP-MS, together with a rotating disk diluter (RDD) equipped with a 
heating tube as the introduction system. A detailed description of RDD-SMPS-ICP-MS coupling 
strategy and instruments specifications was already presented in chapter 2, 4, and 5.[68,134]  
Several mass flow controllers (MFC) were used to precisely adjust the flows. The different flows up- 
and downstream the tubular furnace were verified by a standard primary flow calibrator (Gilibrator-
2, Sensidyne) at the beginning of every measurement. 
Figure 6.1-1 shows a drawing of the experimental setup. The argon-borne particles were generated 
starting from a ZnO suspension by the aerosol generator by applying a relative gas pressure at the 
inlet of the nebulizer of approximately 1 bar. The aerosol was then passed through the silica gel dryer 
at ambient pressure, to reduce the relative humidity. A total flow of 1.5 L min-1 was introduced into 
the tubular furnace by adding 50 mL min-1 flow of oxygen (or hydrogen) and additional argon to the 
aerosol generated flow. In order to avoid losses due to electrostatic deposition in the system, all the 
instruments were connected using electrically conductive tubes. At the outlet of the furnace, the 
aerosol is diluted with a mixture of air/Ar and introduced into the RDD. 
The RDD consists of a dilution head and a control unit. The dilution argon flow provided to the 
dilution head has to be defined by an MFC, because it determines also the flow rate of the diluted 
aerosol directed to the DMA. Only the RDD connected to the modified SMPS was also equipped 
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with an evaporation tube, operated at 350°C in all experiments. The SMPS is operated such as a size 
range between 13 and 300 nm is covered. A second SMPS instrument (TSI) was used as a reference, 
operated with a separate RDD, as shown in Figure 6.1-1. The classified aerosol leaving the DMA was 
split between the CPC and the ICP-MS with a ratio 3:7. A flow of 4 mL min-1 of a mixture of xenon 
in argon (Xe 100 ppmv), precisely adjusted with an MFC, was added to the monodisperse aerosol 
flow directed into the ICP-MS. This allowed a proper tuning of ICP-MS parameters before each 
measurement to obtain high sensitivity based on the recorded signal of 124Xe, and an eventual plasma 
drift could, therefore, be monitored during the overall analysis. 

 
 
Figure 6.1-1 Flow concept of the thermal treatment and the SMPS-ICPMS setup. The red arrows show the main path of 
the measurement, while orange arrows show the parallel measurement with a reference SMPS. The different gases provided 
to the system are instead indicated as light-blue arrows. Legend: MFC = mass flow controller, RDD = rotating disc 
diluter, ASET =evaporation tube, SMPS = scanning mobility particle sizer, DMA =differential mobility analyzer, CPC 
=condensation particle counter, ICP-MS= inductively coupled plasma mass spectrometry.  

6.1.2 Temperature program of the lab-scale incinerator 

In order to determine the optimal dilution ratio for the generated emissions and to protect the 
instrument’s detectors, a first temperature program was performed with a constant heating rate 
between 200 and 500°C. In details, the program (Fig. 6.1-2a) consisted of a first drying step at a 
constant temperature for 10 minutes, after which the temperature was increased fast up to nearly 
220°C and from there a constant heating rate of 5° min-1 was applied for 50 min. At nearly 500°C the 
heating rate was increased from 5° min-1 to 20° min-1 until nearly 910°C was reached. The final 
temperature was then kept constant for 20 minutes.  
A standard incineration procedure was later applied to simulate the combustion processes in an 
industrial plant (Fig. 6.1-2b), consisting of a drying step, a fast pyrolysis from 300 to 900°C, a 
combustion at 900°C and an afterburning from 900 to 400°C. The different temperatures reported in 
the Fig. 6.1-2 are the real temperature measured with a thermocouple inside the quartz tube (gray 
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line, T profile sample) and with another thermocouple outside the alumina shield giving the 
temperature provided by the furnace (green line, T profile furnace). The acquisitions of both SMPS 
and ICP-MS signals were started simultaneously when a temperature of 105°C was reached inside the 
tubular furnace in the case of the first temperature program. For the incineration program lasting 
only 24 min, the measurements were started simultaneously with the furnace’s temperature program, 
but the RDD channel was opened only for combustion and afterburning steps, 6 min after the start. 

 

Figure 6.1-2 Temperature program applied to the sample introduced inside the tubular furnace (a); gray line: temperature 
Tin measured with a thermocouple inside the tubular furnace, close to the sample; green line: temperature Tout measured in 
the outer part of the tubular furnace, outside the alumina shield. Temperature profile of a standard incineration procedure 
in a larger incinerator (b). 

6.1.3 Size-selected particles collection and sample preparation for TEM 

The size-selected particles from 13 to 340 nm were collected at the outlet of the DMA, using an 
aspiration EM grid sampler[109] (detail view and schematic sampling point reported in the Ch.apter 
2). The particles were filtered through a TEM grid (Quantifoil R 1.2/1.3 Cu 400 mesh) from the tube 
normally directed to the ICP-MS at the outlet of DMA, with a flow rate of 0.3 L min-1 by using a 
membrane pump. The particles were collected in separate replicates of the experiments reported in 
the Result and Discussion for which the ICP-MS detection was not included.  The samples were later 
analyzed with a JEOL JEM-2010 transmission electron microscope (200 kV, point resolution of 0.25 
nm), to investigate particle size and morphology. The chemical composition was clarified through the 
use of EDXS and electron diffraction pattern of the crystalline material. 

6.2 Results and discussion 

6.2.1 ZnO injected particles during sawdust thermal treatment 

A brief subsection is firstly reported on beech sawdust thermal treatment only, in order to carefully 
evaluate the contribution of the particles generated by sawdust incineration and the ZnO particles 
produced with the aerosol generator and additionally injected into the tubular furnace,. 
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6.2.1.1 Beech sawdust thermal treatment 

The beech sawdust incineration experiments were performed under oxidizing conditions(O2 50 mL 
min-1) in a lab scal incinerator, following the temperature program reported in Figure 6.1-2. The 
highest concentration of particles (shown in Fig. 6.2-1a) was measured between 280 and 380°C, due 
to carbonaceous particles emission. This observation is in accordance with previous TGA studies, 
reporting the decomposition of hemicellulose, cellulose, and lignin at temperatures around 230-380°C, 
followed by cellulose pyrolysis up to nearly 480°C.[135] In this range of temperatures the 
hemicellulose and lignin fractions of the wood (60% of the sample) are converted mainly to aerosol or 
gas (CO, CO2, H2O, etc.). 

Even if a clear particle formation event can be measured in SMPS, no clear corresponding 
distribution can be seen in the ICP-MS contour plot. Figure 6.2-1b shows instead that the mass 
intensity of 13C covers almost constantly the overall range of particles from approximately 280 till 
630°C. This means that in the size range considered the contribution of the gaseous compound to the 
overall signal of carbon is significantly higher than that of the classified particles. This observation 
could be also a consequence of the use of the heating tube in the RDD, which is kept at 350°C to 
have maximum trasport efficiency and could prevent coagulations phenomena (which would generate 
agglomerates probably above our maximum value of 300 nm).  

 

 
Figure 6.2-1 Number related PSD of sawdust during thermal treatment (a) and ICP-MS mass intensity of 13C (b). 

 

6.2.1.2 Injection of ZnO particles during sawdust thermal treatment 

Dried ZnO particles generated with the use of an aerosol generator were constantly injected into the 
lab-scale incinerator during the thermal treatment of beech sawdust, such as the one described in the 
section above. The particle size distribution and the intensity of 66Zn were measured with SMPS-ICP-
MS. Figure 6.2-2b shows the particle-size-related ICP-MS intensity covering a 100-290 nm size range, 
with intensity more or less constant during the total time of analysis. The contribution of Zn in the 
overall PSD was efficiently resolved through the established correlation between ICP-MS and SMPS 
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shown in the previous chapters. As shown in Figure 6.2-2c, the raw signal of the ICP-MS follows the 
size selection applied in the SMPS, for which particles with the same mobility diameter will reach the 
ICP at a specific DMA voltage. By increasing the voltage the next size class is selected. This iterative 
process allows for a corresponding signal between each size class and ICP-MS intensity over a time 
range of 150 s (up scan), followed by a fast down scan from high to low voltage, in order to start the 
next up scan. 
The size range of particle-size-related ICP-MS intensity is confirmed by preliminary studies 
performed in the same conditions on the ZnO suspension alone,which showed a broad distribution 
ranging from 50 nm up to 290 nm, with a higher intensity between 100 and 290 nm (Fig. 4.2-3 in 
Chapter 4). 

 
Figure 6.2-2 2D plot of the volume-related PSD of combusted sawdust and injected ZnO particles (a) and the size-related 
ICP-MS intensity of 66Zn (b). Raw ICP-MS intensity for 66Zn and 124Xe (c) showing increasing intensity from the black 
line; size-related ICP-MS intensity of 66Zn (d) corrected proportionally to the 124Xe signal. 

The experiments on sawdust only showed a maximum in the particle concentration within 280 and 
380°C (Fig.6.2-1a). In correspondence precisely with this temperature interval, an unexpected 
increased intensity in the 66Zn ICP-MS signal and a decrease in the mobility diameter were detected 
for the injected ZnO particles (Figure 6.2-2b). This behavior may have two possible explanations. 
First, through the combustion, the concentration of C increased resulting in an increased ionization 
efficiency of the plasma and then in higher sensitivity of the different elements present in the plasma, 
including Zn. Fliegel et al. reported how carbon addition is consistently improving sensitivity for all 
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elements from Li to Bi by the use of a mixed gas plasma with methane addition.[136] This seems to 
be confirmed by the corresponding increase in the 124Xe signal, in this particular time frame with 
respect to the overall analysis (Figure 6.2-2c). Second, alterations of the ZnO particles could occur 
due to the reducing potential of the carbon compound generated by the sawdust combustion, 
resulting in a decrease of the particle size diameter in comparison to the size of the injected particles. 
This hypothesis is not confirmed by TEM analysis on the size-selected particles collected during this 
time frame (SMPS scan from 30 to 40 min in Fig.6.2-2c). Figure 6.2-3b shows that not only the 
particle size is comparable but also the morphology is consistent with the one analyzed for the ZnO 
powder (Figure 6.2-3a), that is, the carbon generated atmosphere is not having a relevant effect on 
the ZnO nanoparticles but only on the corresponding ICP-MS signal intensities, at this specific 
temperature interval. Therefore, the particle-size-related ICP-MS signal was corrected proportionally 
to the drift registered for the 124Xe signal (Figure 6.2-2d). 

 

Figure 6.2-3 TEM micrograph on ZnO commercial nanopowder dispersed in ethanol (a); TEM micrograph on injected 
ZnO particles, which were collected after thermal treatment at about 340°C during the sawdust combustion (b) and 
after size selection through the DMA. 

6.2.2 ZnO impregnated sawdust thermal treatment 

As a nanowaste model, a sample of ZnO-impregnated sawdust was investigated to monitor submicron 
particles release during thermal treatment, applying the same conditions of the previously presented 
experiment (in excess of oxygen and with the same temperature profile). For the 66Zn only a few 
peaks were detectable in ICP-MS (Figure 6.2-4b), which can be most probably due to physical 
transport of some ZnO particles.  

Nevertheless, ZnO contained in the sawdust is to a great extent retained in the bottom ashes. These 
results might be explained by the fact that ZnO is very stable at the oxidizing conditions up to high 
temperatures.[137] Although carbothermal reduction of ZnO is a process commonly used in 
metallothermic extraction,[138] this reaction cannot be taken into consideration as a possible 
scenario, since elemental C and CO (g) generated by decomposition of carbon species occur before 
reaching the temperature at which ZnO can be reduced (at about 500°C in case of excess H2, as 
shown in Figure 4.2-8 in Chapter 4). On the other hand, the investigation of the behavior of the ZnO 
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nanopowder under reducing atmosphere (excess of H2 in an argon atmosphere) confirmed the 
evaporation of Zn(g) and the change in morphology and chemical composition of the reformed Zn-
containing particles. At nearly 800°C, the maximum in intensity is detected by SMPS-ICP-MS 
(Figure 4.2-8 in Chapter 4). TEM analysis and electron diffraction patterns of the size-selected 
particles collected at the DMA outlet suggest a core-shell structure with an inner Zn core and an 
outer passivation layer generated by reoxidation of Zn surface (Figure 6.2-5b below and Figure 4.2-9 
d-f in Chapter 4). In this experiment, a substantial deposition on the quartz tube was observed, 
either as a white or gray film, in different areas of the tube. Figure 6.2-5a shows the presence of Zn in 
two different morphologies, a lamellar one and a flower-like type, most probably associated with 
ZnO. The Zn deposited in the form of lamellar or hexagonal prismatic crystals, probably where the 
temperature in the quartz tube dropped from 600 to 400°C, as reported in previous experiments by 
Weidenkaff.[139] Further characterizations were already reported and commented in Chapter 4 
(Figure 4.2-8 b-c). 

 

Figure 6.2-4 Volume-related PSD of ZnO-impregnated sawdust (a) and ICP-MS mass intensity of 66Zn (b), in presence 
of O2 (50 mL min-1). Temperature profile (brown line) with a constant heating rate (5°C min-1) between 200 and 500°C. 

 

Figure 6.2-5 SEM micrograph of ZnO powder (a), after thermal treatment in presence of H2 (50 ml min-1); TEM 
micrograph of size-selected particles collected at the outlet of the DMA(b), after thermal treatment in presence of H2 (50 
ml min-1). 
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6.2.3 ZnO impregnated sawdust incineration 

Another sample from the same batch of ZnO-impregnated sawdust was used for a standard 
incineration experiment. According to the similarity laws described by Wochele et al.,[140] the 
typical 100 min program of a municipal solid waste incinerator was reduced to 24 min for a lab-scale 
incinerator (brown line in Fig. 6.2-6), in order to observe the complete conversion of carbon 
compound to CO2. The eventual release of ZnO particles at these particular conditions is 
investigated by RDD-SMPS-ICP-MS. In opposition to the previous experiments (Fig.6.2-4), a clear 
PSD ranging from 50 to 240 nm was obtained for Zn-containing particles, as reported in Figure 6.2-
6b. Additionally, what stands out in Figure 6.2-6 is the good correlation between the shape of 
volume-related PSD and 66Zn ICP-MS mass intensity. These results indicate that with this 
temperature program applied, an effective reduction occurs. As suggested in the previous section, 
reduction of ZnO by C or CO is a quite known process that leads to the formation of Zn.  
However, the main limitation from the SMPS-ICP-MS measurement presented in Figure 6.2-6 is that 
the submicron particles emitted during combustion can be only related to generally Zn-containing 
particles, without having specific information on the molecular composition and morphology. 
Therefore, the size-selected particles contributing to the intensity measured in Figure 6.2-6b were 
collected at the outlet of the DMA through aspiration EM sampler and further characterized with 
TEM.  
First of all, the intercorrelation between PSD measured with TEM and SMPS appears clear. The size 
distribution is confirmed in a range of smaller particles of 20 nm to the statistically significant 
presence of 50, 70, and 85 nm particles, together with bigger agglomerate with an aerodynamic 
diameter up to around 240 nm probably formed in the cold zone of the quartz tube or during particle 
collection. 

 
 

Figure 6.2-6 Volume related particle size distribution of ZnO-impregnated sawdust (a) and ICP-MS mass intensity 
of 66Zn (b), in presence of O2 (50 mL min-1). Temperature profile (brown line) lasting only 24 min: drying step, fast 
pyrolysis from 300 to 900°C, combustion at 900°C, and afterburning from 900 to 400°C. Measurements started 
simultaneously with the furnace’s temperature program, but the RDD channel opened only for combustion and 
afterburning steps, 6 min after the start. 
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Figure 6.2-7 TEM micrograph (a), indexation of electron diffraction pattern (b), and EDX spectrum (c) on size-selected 
particles collected after the DMA. 

In Figure 6.2-7, EDX spectra and the indexation of electron diffraction pattern of the crystalline 
material interestingly correspond to ZnO with the hexagonal crystalline structure. In Figure 6.2-7c 
the intensity of the elements labeled in light blue are attributed to the EM grid itself. Different 
experiments confirmed the results shown in the TEM characterization. The bigger agglomerates in 
Figure 6.2-7a and 6.2-8a generate a powder like electron diffraction pattern (Figure 6.2-7b and 6.2-
8b), while single crystals (Figure 6.2-8c) show diffraction only on certain planes indicated by the 
reported Miller indexes (Figure 6.2-8d), which confirm interplanar distance matching hexagonal ZnO 
structure.  

 

Figure 6.2-8 TEM micrographs of agglomerated particles (a) and (c); indexation of electron diffraction patterns 
corresponding to selected area in orange (b) and (d). 
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In the following subsection is suggested a mechanism of reduction and further re-oxidation to give 
ZnO as the final product. Thermochemical calculations supporting this hyphotesis are additionally 
reported in Appendix A (Fig. A.4.4-1 and A.4.4-2). 

6.2.3.1 ZnO reduction and further re-oxidation 

If solid carbon or CO(g) is present at high temperatures, a reduction of ZnO can occur following the 
reactions written below: 

ZnO (s) + C (s)  Zn (g) +CO (g) (1) 
ZnO (s) +CO (g)  Zn (g) +CO2 (g) (2) 

The gas ratio, as soon as zinc vapor is formed, is expressed as: 

 p CO2/pCO = K/pZn (3) 

Where K is the equilibrium constant and p is the partial pressure of the indicated compound. Since 
the partial pressures of Zn, CO, and CO2 are stoichiometrically related, only one degree of freedom is 
defined, either temperature or pressure. Ellingham diagram shows the thermochemical dependency of 
various oxides on the log of pCO2/pCO plotted vs (1/T).  

For instance, at pZn= 1 atm intersection between the curve of liquid zinc and plotted pCO2/pCO ratio 
take place at 907°C, where equilibrium between liquid and gaseous Zn is reached.[138] 
Depending on the relative pressure of Zn and CO, the dew point of Zn will shift to lower or higher 
temperatures, assuming much lower CO2 pressure, since complete conversion is expected at the end 
of the 24 min program. Thermochemical calculations performed with HSC software show the 
reduction of ZnO by mainly CO from nearly 600°C (Fig. B.4.4-2), considering for the input molar 
ratio the high excess of C contain in the feedstock compared to the concentration of impregnated Zn. 
In presence of H2O, the water-gas-shift reaction (WGSR) can occur: 

CO (g) + H2O (g)  CO2 (g) + H2 (g) (4) 

which is exothermic only for temperature below 700°C and tends to shift to reactants as temperature 
increases. Therefore, reduction of ZnO could take place also through reaction with H2, despite the 
fact that C has been proved as a stronger reducing agent for temperatures above 660 °C.[24]  
Without the use of a proper quenching, re-oxidation of Zn was observed at a temperature below 
840°C.[139,141] Thus, during cooling in the cold zone of the quartz tube, the Zn generated is oxidized 
again to ZnO by either CO2 or H2O vapor before applying an efficient dilution to prevent further 
agglomeration 
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6.2.4 ZnO nano-object from impregnated wood combustion: estimation of Zn 
content in emissions 

This section describes the estimation of Zn content in emissions during the incineration of 
impregnated wood. State-of-the art methods for the determination of metals emissions from 
stationary sources (such as Method 29, from the Environmental Protection Agency)[142] often 
include the use of quartz fibre filters for PM and impinger bottles for gaseous emissions, with 
following offline analysis with ICP-OES (inductively coupled plasma emission spectroscopy), ICP-MS 
or CV-AAS (cold vapour atomic absorption spectroscopy). Most of the studies on wood combustion 
emissions presents a similar approach regarding the PM elemental analysis, with collection of the 
particles onto analytical filters and subsequent ICP-MS analysis, while the size distribution is often 
determined with SMPS or FMPS (fast mobility particle sizer) and ELPI (electrical low-pressure 
impactor) or HRLPI (high-resolution low-pressure cascade impactor). Other offline methods to assess 
the concentration of trace metal in aerosol samples are XRF (X-ray fluorescence) or PIXE (proton-
induced X-ray emission).[143–145] Some exceptions were although including an online strategy, such 
as trace metal analysis on soot particles by SP-AMS(soot-particle aerosol mass spectrometer)[56] or 
organic emissions determination by SPI-ToF-AMS (single-photon ionization time-of-flight mass 
spectrometery).[146] Those methods require anyway an extensive data treatment and availability of 
molecular fragmentation tables.  
For all the above reasons, the quantification of Zn was here performed using the calibration strategy 
coupling a TGA to the RDD-SMPS-ICP-MS setup already described in Chapter 5. Although a 
matrix-matched calibration might deliver more accurate quantification. [72] no substantial matrix 
effects were expected, due to the high dilution applied. Indeed, the monitoring of the plasma stability 
through 124Xe signal, acquired during the whole experiments, confirmed this supposition. As described 
before in section 6.2.3, most of the Zn-containing particles were emitted after the fast pyrolysis and 
during the combustion at 900°C. Fig. 6.2-9 shows on the right side the ICP-MS intensities measured 
as a function of the mobility diameter and time (a) and the corresponding Zn concentrations on the 
left side (b), which lies all well beyond the LoD of the method. 
Assuming that the entire Zn concentration hereby measured can be referred to ZnO nano-objects, 
this latter can be expressed also as volume-related concentration using the density of bulk ZnO (Fig. 
6.2-9d). Apart from knowing the effective density would lead to more accurate results,[147] the 
quantification of the volume concentration of ZnO is succeeded. Moreover, possible incongruences due 
to geometrical factors are bypassed by gathering the ZnO volume-related PSD from the Zn 
concentration measured in ICP-MS.  
The ZnO nanoparticles presented morphology rather similar to a nano-rod than a sphere. Those 
deviations from the spherical geometry could lead to significant changes in particle mobility 
diameter. Nevertheless, the range of voltages applied and the low electric field caused in this case a 
random orientation of the particles, without any preferential particle alignment during the size-
selection into the DMA. [130,148] As a result of Fig. 6.2.4 c and d comparison, it can be concluded 
that the volume concentration of ZnO can be tracked and discriminated from the total PSD even 
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though it gives in a very small contribution. This observation is consistent with the studies of 
Elssaser and Leavy, who both reported how a higher ratio of organic matter is generated during each 
stage of wood combustion in comparison with the inorganic fraction.[57,149] 

 

 
 

Figure 6.2-9 (a) ICP-MS measured intensities for 66Zn, (b) calculated concentration of Zn, (c) volume distribution of the 
total amount of particles generated, (d) volume distribution of ZnO only. The right colour scale (nm3cm-3) is valid for 
both plots (c) and (d). 

6.2.5 Wood fly ashes 

Elled et al. detected a bimodal PSD for wood fly ashes with submicron and micrometer ranges, 
respectively. The first PSD mode (submicron particles) is attributed to inorganic matter, while the 
second one derives from fragmentation of mineral and char.[137] The formation of ash particles and 
aggregates has been previously shown to occur for condensation of organic material or inorganic 
vapors on the generated ZnO particles. Alkali salts are generally found on the surface of these newly 
formed particles if efficient combustion occurs.[26] Since we focus in our experiments principally on 
the first peak of this bimodal distribution, only smaller inorganic particles were detected, while bigger 
agglomerates of organic carbon are directed to the excess gas during DMA selection. 
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This chapter reports on the main findings and gives concluding remarks of this doctoral 
thesis. The importance of hyphenated techniques was highlighted for waste treatment and bioenergy 
processes. The combination among different analytical techniques was proven to be successful for 
determining the presence and the fate of nanoparticles and contaminants generated during waste 
treatment and biogas production processes, respectively. Concluding remarks on two main scientific 
questions of this thesis are presented separately in the following sections, together with a possible 
outlook for future developments. Finally, general conclusion are reported at the end of this chapter. 
The superscript notation  in roman numbers indicate the original publications on which a particular 
section of this chapter is based and they are reported with their full bibliographic reference on the 
first page of this chapter. 

7.1 Speciation of siloxanes in biogas production process I 

A successful speciation analysis of siloxane compounds in biogas was achieved by coupling a GC with 
two detectors (FID and ICP-MS) running simultaneously. The parallel analyses with GC-ICP-MS are 
particularly recommended to meet the requirements of new European regulations (lower detection 
limits).[43] Siloxane concentration in biogas from manure and agricultural waste was proven to be 
lower than in the case of wastewater treatment plant (WWTP) biogas, where the concentration of 
D5 can reach up to 10 mg Nm-3.[114] The sample MixUntreated (collected before adsorption on 
activated carbon) shows concentrations around 0.1 mgSi Nm-3, which are enough to degrade the 
performance of SOFCs or to cause microturbines damages in the long run. However, samples of 
biogas treated by an activated carbon filter did not contain Si in concentrations above 0.002-0.004 
mgSi Nm-3. Regardless of the good efficiency of the adsorption material, it is good practice to monitor 
the concentration in the treated fraction after a certain number of hours  to verify when regeneration 
of the filter is needed.  
A major advantage resides in the continuous liquid quench system used in the sampling campaign 
that allows performances comparable with other techniques but improved time-resolution. 
Considering the wide-spread use in analysis laboratories, the GC-FID is here suggested for 
preliminary estimations, even in case of field measurements. Nevertheless, certain precautions are 
needed in the data treatment, since it was here established that GC-FID overestimates the 
concentration of siloxanes in the analysed samples. Thanks to the comparison between concentrations 
simultaneously determined with GC-FID and GC-ICP-MS, it was demonstrated that, in case of 
highly interfered peaks, the integration with a lower number of points around the peak apex might be 
affected by higher uncertainty but is, in any case, suggested to achieve an estimation closer to the 
real value of concentration. Hence, it is less precise but more accurate than considering an extended 
number of points through the integration window (from the baseline). After an initial assessment 
with GC-FID, accurate and precise determinations can be achieved by analyzing the samples with 
the developed GC-ICP-MS method. 
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7.1.1 Outlook 

For future development, the integration in the GC of a SCD -sulfur chemiluminescence- detector, 
species-specific for sulfur compounds, would provide additional benefits for the simultaneous 
determination of sulfur compounds, one of the major classes of impurities in biogas. Furthermore, 
even lower limit of detections could be reached by using a GC-ICP-MS/MS strategy that includes the 
use of a triple quadrupole as an analyzer. The principle can be summarized as a selection of the mass 
of interest in the first quadrupole, a mass-shift applied in the second quadrupole either to the isobaric 
interferences or the analyte by reaction with a gas and after that the selection of the mass to charge 
ratio of interest in the third quadrupole. The instrument was proven to be successful for the 
detection of heteroatom in different applications, such as environmental, clinical, life science, nuclear, 
and semiconductor materials characterization.[150,151] 

7.2 Fate of NPs during  combustion of impregnated wood, used as a 
model nano-waste III, IV, V 

Compared with the state-of-the-art analytical methods for aerosols characterization, such as particle 
sizers, the RDD-SMPS-ICP-MS combination is not only able to simultaneously acquire chemical and 
size information, but the time-resolved ICP-MS signals also allow the determination of each element’s 
contribution in the overall PSD. However, only particles with a diameter below 400 nm can be 
measured by the current argon-operated SMPS-ICP-MS. Furthermore, for a complete 
characterization of aerosol particles, other offline techniques are needed to determine other 
properties, including the morphology and the molecular structure.  
The calibration strategy of RDD-SMPS-ICP-MS and the comparison between SMPS and ICP-MS 
performances were presented. Thanks to the coupling between a TGA and the RDD-ICP-MS, it was 
possible not only to obtain qualitative information about the size-classes and elemental composition 
but also to express the concentration for the elements of interest in ng cm-3. Owing to the presented 
TGA calibration concept, a more accurate quantification than that of SMPS was achieved, in the 
case of analysis of a single compound (i.e. ZnCl2). Even though the SMPS is essential to perform the 
size-selection, it was here observed that the mass concentration derived from the SMPS number 
concentration can be biased by the deviations from the two main assumptions adopted in the data 
treatment. Deviations from the spherical geometry and the bulk density can lead, indeed, to a 
relative difference between the two instruments up to 30%. Moreover, the use of SMPS solely allows 
neither speciation studies nor quantification in case of mixtures analyses, which make in this respect 
the quantification method using TGA very promising. In the second part of this study, we proved 
also the resolving power of the technique in a complex matrix, such as a mixture of different metal 
chlorides. However, especially for heterogeneous samples, it is suggested that in the future a matrix-
matched calibration approach would be used, which could better take into account also matrix effects 
and reduce the calibration time. In conclusion, the coupling of TGA with ICP-MS and the successful 
calibration strategy applied were crucial to obtain reliable information about their concentration, in 
addition to their PSD and elemental composition. 
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The current data highlight the importance of determining the fate of nano-objects during thermal 
treatment processes. Although the work presented by Walser et al. might suggest the entrapment in 
the bottom ashes and APC residues of most of the nanoparticles (CeO2) injected in a waste 
incinerator,[15] that case is not considering metal nanoparticles and non-nano particulate metals in 
waste which may reform as incidental nanoparticles.[17] As explained by Roes et al. secondary nano-
objects might be formed depending on the conditions present in the incinerator. Moreover, in the 
case of particle size below 100 nm, a complete removal from flue gas is not ensured.[18]  
This study confirms the presence of incidental ZnO nano-objects in the fine particles fraction upon 
combustion of a nanowaste model, with dimensions also below 100 nm detected by the use of an 
online analytical technique. Moreover, this finding proves the possibility of formation of secondary 
nano-objects that can decompose and reform as new species.. Due to the demonstrated toxicity of 
ZnO,[152–154] a particular attention should be addressed to emissions by small and medium scale 
plants below 1 MW, in which efficient filtering systems are not always implemented. Therefore, new 
experiments with larger burners, and in particular, tests on particle removal are suggested.  
The majority of the studies on emission from stationary sources includes mainly off-line analyses with 
separated online PSD measurement and offline elemental composition determination, whereas for 
online studies AMS related techniques are primarily reported in the literature. The RDD-SMPS-ICP-
MS system is extremely useful for detecting metal particles even among complex mixtures including a 
size and time-resolved acquisition with a faster data treatment, without needing extensive molecular 
databases. The use of complementary techniques is nevertheless advisable to collect information 
regarding the chemical speciation, further transformations occurring in the gas and the morphology 
of the particles emitted. 

7.2.1 Outlook  

In the measurement protocol, two critical points can be identified. The first point regards the 
consideration of multiple particle charges, which is not yet implemented in the data evaluation 
procedure for ICP-MS. While the single-charge correction gives a good correlation between SMPS 
and ICP-MS data when measuring small particles (up to 200 nm), correction for multiple charges on 
large particles should be established and implemented to improve the quality of the resulting 
information for particles above 200 nm. Another explanation of this effect could be that the larger 
particles are not completely decomposed and ionized in the plasma. The second critical point is the 
choice of the appropriate RDD dilution factor. Indeed, like in the analysis of liquid samples, the ICP-
MS intensity level of the different isotopes depends on the corresponding sensitivity. The Cu signal, 
for example, is about three orders of magnitude higher than that of Cl. Therefore, an appropriate 
value of the aerosol dilution must be set considering the ICP-MS sensitivity of the measured 
elements. This might present a limitation of multi-element analysis for aerosols, either for the 
determination of light elements for which the sensitivity is low and the difference to that of metals 
and heavy metals is significant or for the determination of different elements in the sample if their 
concentration varies in a relative large range (e.g. from ppb to %) . However, the aerosol dilution 
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value can be changed during the same experiment, if the process of aerosol generation is known. For 
example, the dilution factor can be lowered during the phase in which a low particle amount is 
generated. Nevertheless, feeding highly particle-loaded aerosols into the DMA should be avoided to 
protect the CPC and the ICP-MS instrumentation. In summary, depending on the sampled aerosol, a 
compromise between RDD dilution, matrix loading, and ICP-MS sensitivity of the isotopes of interest 
should be found. Even though the time resolution of the SMPS-ICP-MS setup is limited by the 
SMPS scan duration, which is usually chosen in the range of a few minutes, the time resolution can 
still be enhanced for a fixed or narrow range of particles size. 
For thermal treatment processes, a TGA can be used as a quantification tool [66]. This aspect was 
particularly developed in chapter 5, where the quantification method for the overall setup is 
described. The quantification of liquids or suspensions, instead, can be easily made using appropriate 
standard solutions.  
Another point of improvement could be the design of a recirculation concept for argon, operating the 
DMA with air and exchanging this to argon (e.g. by means of a gas exchange device)[155], which 
would allow the use of higher DMA voltage and hence to enhance the measured particle range. 
Another solution to increase the particle range would include the use of a standard air-operating 
SMPS and a microwave inductively coupled atmospheric-pressure plasma (MICAP) operating with 
nitrogen instead of argon, [156–158] which not only means perfect suitability with the aerosol 
upcoming from the SMPS but also reduced costs and relative compact design, which can make it a 
good alternative for fast monitoring in field measurements.  
Finally, automating the setting of the different parameters and merging the needs of SMPS and ICP-
MS into a single concept, regarding the operating condition, would reduce substantially the steps of 
the measurement protocol. These steps help to make the SMPS-ICP-MS a powerful online setup for 
quantitative or qualitative analyses of different kinds of aerosols generated from liquid solutions, 
suspensions, or emission sources. 

7.3 Final remarks 

The combination among different analytical techniques was proven to be successful for determining 
the presence and the fate of nanoparticles and contaminants generated during nano-waste treatment 
and biogas production processes, respectively. 
First, the performances of GC-ICP-MS and GC-FID were compared for speciation study of siloxane 
compounds in biogas production processes. Even though the two techniques have been singularly 
reported in literature, the novelty was here represented by their simultaneous operation and by the 
application chosen, for which a method development was required. Moreover, this analytical 
arrangement has the potential to be a valuable candidate to reach lower detection limit for Si, in the 
frame of different appliances such as SOFC, where even concentrations in the ppb range are enough 
to cause damages to the cells.  
Moving from a relatively renowned example of hyphenated techniques, the use of RDD-SMPS-ICP-
MS is suggested for the online measurement of gas-borne nanoparticles emitted during thermal 
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processes. The instrument had been developed in the CPM group during the four years previous to 
the start of this thesis. Despite an initial validation already proposed, further preliminary studies 
were needed to assess the performances of this hyphenated technique for combustion processes. In 
particular, the combustion of wood containing nano-materials was considered to evaluate the effect of 
redox conditions on the release of primary and secondary nanoparticles from nano-waste. The RDD-
SMPS-ICP–MS setup was initially combined with different aerosol sources to evaluate weaknesses 
and points for improvements. One of the major improvements achieved was the use of the TGA, 
among the different aerosol sources employed in this thesis, as a powerful tool for quantifying the 
ICP-MS intensities of the detected metal elements. A tubular furnace, instead, was employed as a 
lab-scale incinerator to study ZnO-impregnated wood, as a model of nano-waste, during combustion 
experiments. The main focus was to verify the release of incidental nanoparticles, which are defined 
as the nanoparticles potentially generated in the flue gas by evaporation and further condensation of 
metal compounds. The reducing conditions generated through the decomposition of the wood proved 
to have an effect on heavy metals thermochemical behaviour, such as that of Zn, which is known to 
be redox-sensitive, i.e. it exhibits different volatility depending on the redox conditions. Therefore, 
thanks to the online size-resolved elemental analysis with RDD-SMPS-ICP-MS the presence of 
secondary formed ZnO-nano-objects was detected in waste combustion gases. Moreover, the 
successful calibration of the setup with a TGA could finally lead also to the determination of their 
concentration. The employment of hyphenated techniques was crucial not only to determine the 
presence of compounds of interest but also to understand complex thermochemical behaviour during 
the studied processes. This acquired knowledge is fundamental in order to ultimately understand and 
control the fate of nano-objects and support the development of  environmentally sound and clean 
bioenergy and waste treatment technologies.  
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Appendix A  Additional data sets 
A.1 Siloxanes in biogas 

A.1.1 Stock and standard solution concentrations 

Table A.1.1-1 Stock solution 1: Si and single compound concentrations. 

 Concentration (ppm, µg ml-1) Si concentration (ppm, µg ml-1) 
L2 452 156.25 

L3 508 180.81 

D3 416 157.41 

D4 456 171.96 

D5 508 191.70 

D6 420 158.56 
 

Table A.1.1-2 Stock solution 2: Si and single compound concentrations. 

 Concentration (ppm, µg ml-1) Si concentration (ppm, µg ml-1) 
L2 6.78 2.34 

L3 7.62 2.71 

D3 6.24 2.36 

D4 6.84 2.58 

D5 7.62 2.88 

D6 6.30 2.38 

 

Table A.1.1-3 Standards solutions: Si concentrations. 

Standards 

Si concentrations (ppb, ng ml-1) 

L2 D3 L3 D4 D5 D6 
STD 1 213.06 246.56 214.64 234.49 261.41 216.22 
STD 2 468.74 542.44 472.22 515.88 575.09 475.69 

STD 3 1171.85 1356.10 1180.54 1289.70 1437.74 1189.21 

STD 4 2343.70 2712.20 2361.08 2579.39 2875.47 2378.43 
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A.1.2 7700x ICP-MS (Agilent Technologies) additional operating conditions 

Table A.1.2 7700x ICP-MS (Agilent Technologies) additional operating conditions 

OOperating conditions  VVoltage (V)  
Extraction lens 1 0.0 
Extraction lens 2 -195.0 
Omega bias lens -80.0 

Omega lens 10.2 
Cell entrance lens -40.0 

Cell exit lens -60.0 
Deflect lens 2.0 

Plate bias lens -55.0 
RF matching 1.39 

A.1.3 D5 stock solutions and calibration standards for gas composition optimization in 
ORS 

Table A.1.3 Stock solutions and calibration standards: Si and D5 concentrations 

Stock and standard solutions D5 concentration Si concentration 

 (ppm, µg ml-1) (ppm, µg ml-1) 
STOCK 1 436 164.52 
STOCK 2 4.207 3.344 

 (ppb, ng ml-1) (ppb, ng ml-1) 
STD 1 87.76 33.12 
STD 2 805.80 304.08 
STD 3 8863.88 3344.86 

 

A.1.4 GC-ICP-MS figures of merit when only one column is connected to the GC inlet 

Table A.1.4  28Si sensitivities, LoD, LoQ, R2 and BEC in GC-ICP-MS for siloxanes compounds analyzed, using one column 
connected to the GC inlet. 

 
Siloxanes  

28Si Sensitivity 
(cps/ppb) 

LoD 
ppbSi (ng ml-1) 

LoQ 
ppbSi (ng ml-1) 

R2  
(linear fit) 

BEC    
ppb (ng ml-1) 

LL2   391.81 2.349 7.829 0.9999 3.894 
DD3   460.17 1.566 5.200 1.0000 12.794 
LL3   454.95 0.613 2.043 0.9999 1.455 
DD4   466.22 4.916 16.387 0.9998 12.510 
DD5   480.75 4.002 13.340 0.9997 12.978 
DD6   509.70 4.636 15.452 1.0000 28.366 

 
  



Appendix A 

111 
 

A.2 Preliminary studies with RDD-SMPS-ICP-MS 

A.2.1 Zinc oxide nanopowder characterization 

SEM analysis on a small amount of powder added in ethanol (Sigma-Aldrich, pure grade 99.9%) and 
finely dispersed applying an ultrasonic treatment with an ultrasonic horn (2 times for 2 minutes). In 
figure S1 (a) an overview of the ZnO particles morphology is shown. The sample appears to be 
homogeneously distributed and the particles size varies from 40 nm to a maximum of 300 nm. The 
XRD measurement (Fig. A2.1-1 b) confirmed the hexagonal structure provided by the manufacturer.  
The measurement was repeated also by using Transmission Electron Microscopy, together with the 
electron diffraction pattern confirming the results already shown with SEM. 

 
Figure A.2.1-1 SEM micrograph of ZnO nanopowder, showing nearly spherical morphology (a) and XRD pattern of ZnO 
commercial powder (b). 

 

Figure A.2.1-2 TEM micrograph of ZnO powder, showing nearly spherical morphology (a) and indexation of electron 
diffraction pattern of ZnO commercial powder (b). 

Table A.2.1-1 Zinc oxide powder specifications, provided by the manufacturer (AUER-REMY) 

Purity Average 
particle size 

Specific 
surface area 

M orphology Crystallographic 
structure 

99.5% 20 nm 50 m2/g Nearly spherical Hexagonal 
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A.2.2 ZnO suspension characterization 

A.2.2.1 ZnO suspension analysis by ICP-MS 

Table A.2.2-1. ICP-MS analysis on ZnO suspension. LOD: limit of detection; LOQ: limit of quantification (of the 
method) including the dilution (for these samples the dilution was about 2.0*104 mL/g) 

SSample name ZZn conc ppm  RRSD %  
ZnO suspension (600 ppm) 556.9 1.72 

Method LOQ % 0.4  
ICP LoD ng mL-1 0.006  

 

A.2.2.2 Zetasizer Nano series  

Table A.2.2-2. Malvern Zeta sizer nano series characterization on ZnO suspension; Material RI:2.00, Dispersant RI: 
1.330, material absorption: 0.010 

SSample name SSize d50 (nm) TTemperature(°C) 

ZnO_PAA0.1%wt-pH9 1 131.9 25 

ZnO_PAA0.1%wt-pH9 2 132.3 25 

ZnO_PAA0.1%wt-pH9 3 128 25 

ZnO suspension (B) and blank (dispersant solution) filtered with a membrane filter, pore size 0.45 
µm and then measured by Zeta sizer Nano series. 

 

A.2.2.3 XDC-BI measurement 

Table A.2.2-3 Brookhaven BI-XDC characterization on ZnO suspension 

SSample name  SSize d50 
((µm)  

MM ean (µm)  SStd. deviation 
((µm)  

MM ode (µm)  

ZnO_1.8%wt_1 0.217 0.233 0.130 0.182 

ZnO_1.8%wt_1 0.204 0.222 0.105 0.184 

Analysis on a concentrated suspension (1.8% ZnO) 
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A.3 RDD-SMPS-ICP-MS calibration strategy and resolving power for 
heterougenous matrices 

A.3.1 TGA temperature program during ZnCl2 calibration experiment 

 

Figure A.3.1 Temperature program TGA during experiment with ZnCl2 powder 
 

A.3.2 HSC thermochemical calculation on CdCl2 

 

Figure A.3.2 Thermochemical calculation on CdCl2 evaporation with HSC software.  
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A.3.3 TGA temperature program during CdCl2 calibration experiment 

 

 

Figure A.3.3 Temperature program TGA during experiment with CdCl2 experiments. 
 

 

A.3.4 TGA temperature program during metal oxides and CaCl2•2H2O experiments 

 
Figure A.3.4 Temperature program TGA during experiment with PbO, CdO, CuO, ZnO and 
CaCl2(H2O)2 powders 
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A.3.5 CdCl2 calibration curve  

 
Figure A.3.5 CdCl2 second order calibration curve, used for the determination of Cd concentration in the experiments 
with PbO, CdO, CuO, ZnO and CaCl2(H2O)2. The RSD% associated with each point is 5% 

A.3.6 Reproducibility of analysis for ZnO and CaCl2•2H2O experiment  

 

Figure A.3.6 Volume-related size distribution and 66Zn ICP-MS Intensity contour plots of a repetitive analysis with the 
same operating conditions like the sample in Fig.4. The results show that the PSDs follow the same trend with an RSD for 
small particles (<20 nm) and bigger particles (>50 nm) of about 10%. 

A.3.7 TEM analysis on Mixed oxide powders and CaCl2•2H2O experiment 

 
Figure A.3.7 TEM micrographs and EDX analysis on size-selected particles generated during experiment with PbO, CdO, 
CuO, ZnO and CaCl2(H2O)2 powders. 
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A.4 Emissions of secondary formed nano-objects from the combustion of 
impregnated wood 

A.4.1 Sawdust multi-element analysis in ICP-MS 

Microwave assisted acid digestion of three different samples from the same batch of beech wood saw 
dust (dilution with solution 1%HNO3), further analyzed by ICP-MS. The resulting composition  is 
listed in the table below in a concentration range of % for main components and concentration range 
down to ppm(mg kg-1) for trace element. 

Table A.4.1-1 ICP-MS elemental analysis on beech wood saw dust. 

 SSawdust 1  SSawdust 2  SSawdust 3  AAverage  
 Conc % RSD% Conc % RSD% Conc % RSD % Conc % 

K 0.133 0.6 0.134 0.5 0.131 1.5 0.133 
Ca 0.0517 0.4 0.0527 1.1 0.0523 2.1 0.0522 
Mg 0.0148 0.8 0.0148 0.7 0.0146 1.4 0.0147 
P 0.0145 1.4 0.0145 1.1 0.0136 0.6 0.0142 

 

Table A.4.1-2 ICP-MS elemental analysis on beech wood saw dust. 

 SSawdust 1  SSawdust 2  SSawdust 3  AAverage  
 Conc.     

[mg kg-1] 
RSD% Conc.     

[mg kg-1] 
RSD% Conc.    

[mg kg-1] 
RSD% Conc.   

[mg kg-1] 

Mn 5.291 0.5 5.246 0.9 5.056 1.4 5.198 

Fe 4.565 0.9 5.054 0.4 4.641 2.3 4.753 

Na 2.759 0.3 1.839 2.3 1.542 0.9 2.047 

Cu 1.179 0.4 1.160 0.9 1.178 0.6 1.172 

Zn 1.118 4.7 1.068 3.0 1.081 1.6 1.089 

Pb 0.497 1.1 0.161 1.1 0.108 5.2 0.255 

Cr 0.135 2.1 0.132 3.6 0.125 6.3 0.131 
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A.4.2 ZnO impregnated sawdust multi-element analysis in ICP-MS 

 

Table A.4.2 ICP-MS elemental analysis on beech wood sawdust impregnated with ZnO suspension. LOD: limit of detection; 
LOQ: limit of quantification (of the method) including the dilution (for these samples the dilution was about 6*105 ml/g) 

 ZZn   
Sample Name Conc. % RSD % 

Saw dust_1 1.64 0.42 
Saw dust_2 1.48 1.37 
Saw dust_3 1.35 1.80 

Average 1.49  
method LOQ % 0.01  
ICP LOD ng/ml 0.07  

 

 

A.4.3 Efficiency of sawdust impregnation with ZnO nanopowder 

 

Table A.4.3 The efficiency of impregnation calculated on expected value (assuming 100% efficiency) and real concentration 
measured with ICP-MS. 

ZZn conc. expected (%)  ZZn conc. measured (%)  EEfficiency %  

1.81 1.49±0.14 82.32 
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A.4.4 Thermochemical calculations 

The input concentrations are based on real ratios between C and Zn in impregnated wood. The 
alghorytm used for calculation is based on minimum Gibbs energies output. 

 

Figure A.4.4-1. Thermochemical calculations with HSC software, initial concentrations: ZnO (1 kmol), H2 (10 kmol) 

 

Figure A.4.4-2. Thermochemical calculations with HSC software, initial concentration considering real ratio exisiting 
between C and Zn in the impregnated wood: ZnO (1 kmol), CO and H2 in excess (175 kmol). 

 

 



 

119 

Appendix B  Co-authorship 

“Online Size and Element Analysis of Aerosol Particles Released from Thermal Treat-
ment of Wood Samples Impregnated with Different Salts” 
 

  

The first eight months of this thesis were mainly focused on training over the coupling SMPS-ICP-
MS and on supporting the activities related to the study of particles released from thermal treatment 
of wood samples (impregnated with different salts). In the frame of this collaboration, the author 
(Debora Foppiano) took over the task of ICP-MS measurements of metals contained in sawdust, the 
sample impregnation and preparation, and the experimental part of flow calibrations and 
optimization of the instruments parameters.  

 

Reprinted with permission from Energy and Fuels, 2016, 30, 4072–4084. Copyright 2016 American 
Chemical Society. 
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ABSTRACT: Thus far, the elemental characterization of particles in energy conversion process gases and emissions has
conventionally either been performed offline or information on the particle size has not been available. Such processes include
combustion in engines or thermal treatments of renewable and fossil fuels for heat and power generation. One established
physical aerosol measurement instrument is the scanning mobility particle sizer (SMPS), providing size distribution and
concentration of gas-borne particles online, with temporal resolutions of a few minutes or even less. However, a far greater wealth
of information can be gained by combining the opportunities of the SMPS with those of an inductively coupled plasma mass
spectrometer (ICPMS), which enables the determination of the elemental composition of an introduced sample with low
detection limits and a wide dynamic measuring range, and those of a rotating disk diluter (RDD), used as a sample introduction
interface, making the setup independent of a defined aerosol source flow. We have recently presented such an instrumental setup,
which is used now for online measurements on particulate sodium, chlorine, potassium, and copper, in aerosols emitted by
differently impregnated wood samples, heated in a thermogravimetric analyzer (TGA). The TGA allows controlling the
temperature, oxygen content, and gas flows in the furnace and is used for generating model aerosols to study the influence of
different fuel treatments on the emissions during the combustion process. The ability of RDD−SMPS−ICPMS to discriminate
between several elements contained in specific particle size classes between 13 and 340 nm at different times in the aerosol
emitted by a thermal process is demonstrated.

■ INTRODUCTION

Emissions from biomass incineration and other thermal
processes can be seen as aerosols, consisting of a gas mixture
and gas-borne particles. Particles in the sub-micrometer size
range are usually formed by condensation of evaporated matter
in a supersaturated environment. In a highly supersaturated
atmosphere, such particles can be formed in the absence of
condensation nuclei, but the more common formation
mechanism is particle growth around existing nuclei.1 Such
effects occur inside a flame and after combustion processes,
when the temperature decreases and supersaturation is
achieved. The assessment of particulate emissions usually
includes chemical analysis of the overall aerosol or filtered
gases, and the number or mass concentration and size
distribution of the gas-borne nanoparticles are determined.
Information on the major gaseous compounds and also on the
elemental composition of such process emissions can be
obtained online. Likewise, particle size distributions (PSDs) can
be measured with time resolutions in the range of a few
minutes or even less,2,3 e.g., using a scanning mobility particle
sizer (SMPS).4 The aerosol mass spectrometer (AMS) is an
aerosol characterization equipment providing both physical and
chemical information simultaneously. Introduced particles are
decomposed on a hot (600 °C) tungsten surface, and the
resulting gas molecules are ionized by electron impact, classified

for their mass-to-charge ratio (m/z), and finally counted. This
technique enables the detection of organic compounds, their
fragments, and some inorganic salts in gas-borne particles even
below 100 nm5,6 but does not offer element information on the
investigated particles.
Several groups have been investigating the effects of different

parameters on the release of alkali metals and other elements
from the incineration of biomass or fossil fuels.7,8 Different
elements in process aerosols have been analyzed by inductively
coupled plasma optical emission spectrometry (ICPOES).9

Measurements by SMPS have been combined with chemical
gas and offline particle analysis,10 and larger particles in
industrial emissions have been analyzed offline by ion
chromatography and inductively coupled plasma mass spec-
trometry (ICPMS).11 Besides, particulate emissions from zinc
(Zn)-impregnated wood pellets were investigated regarding the
Zn content in the fraction of fine particles below 1 μm,12 but up
to now, such information was not available for narrow particle
size fractions and with temporal resolutions in the range of a
few minutes.
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Because introduced matter is decomposed into elemental
ions in the inductively coupled plasma at 5000−10 000 °C,
ICPMS can provide information on the elemental composition
of any sample, dissolved in aqueous acid solutions,13 and has
been established in recent years for the characterization of even
single solid particles in the nanometer size range, suspended in
liquids.14,15 However, element information specifically on the
composition of gas-borne nanoparticles emitted by thermal
processes is traditionally obtained offline,16 especially with the
focus on the elemental composition of distinct particle size
fractions.17 Such procedures include particle sampling, sample
preparation, and offline analysis18 and are, therefore, time-
consuming and entail the risk of sample contamination and
other alterations. Moreover, the results of such analyses usually
represent longer measuring periods and do not provide time-
resolved information.
Recently, an instrumental setup was presented by Hess et al.,

consisting of a rotating disk diluter (RDD), SMPS, and
ICPMS.19,20 A first application was the assessment of
engineered nanoparticles (ENPs) in aerosols from commercial
spray products.21 In the present work, the RDD−SMPS−
ICPMS arrangement was equipped with an evaporation tube
(ET) to eliminate volatile particle fractions and focus on solid
particles and connected to a thermogravimetric analyzer
(TGA), wherein a wood pellet was treated thermally with
controlled combustion parameters, such as the temperature,
oxygen (O2) content, and other gas flows in the atmosphere
surrounding the fuel sample. Using the RDD−SMPS−ICPMS
setup, the emitted aerosols were analyzed online, with respect
to the PSD and the size-resolved elemental particle

composition, with a temporal resolution of 3 min. Differently
impregnated wood samples underwent a thermal treatment and
were analyzed in this arrangement to investigate the influence
of these impregnations on the formed aerosol particles.

■ EXPERIMENTAL SECTION
Instrumental Arrangement. A TGA (TGA/STDA851e from

Mettler Toledo) had earlier been equipped by Ludwig et al. with a gas
quench, named condensation interface (CI), to immediately cool and
dilute the aerosol released by the TGA sample, to prevent further
condensation and particle agglomeration, and to preserve the aerosol
for subsequent analysis.22 This TGA was connected to the RDD−
SMPS−ICPMS instrumentation, which was similar to the recently
described setup,19,20 except for the ICPMS instrument (7700 instead
8800 QQQ from Agilent) and the RDD, which was further equipped
with an ET (ASET15-1 from Matter Aerosol), to bring volatile
components of the diluted aerosol into the gas phase, like it is
required, e.g., for measuring particulate emissions of internal
combustion engines, according to the regulation of the Swiss
Association for Standardization (SNV)23 or following the European
Particle Measurement Programme (PMP).24 The whole arrangement
is sketched in Figure 1.

Gas Flows. All gas flows were maintained by mass flow controllers
(MFCs) and verified with a primary flow calibrator (Gilibrator-2 from
Sensidyne). To apply oxidizing conditions to the sample pellet, O2 was
used as reactive gas in the TGA, with a flow of Qre,TGA = 18 mL min−1.
Argon flows served as the sample carrier gas, Qca,TGA = 63 mL min−1,
as the protective gas to prevent sample aerosol and reactive gas
entering the balance chamber, Qpr,TGA = 22 mL min−1, and as the
quench gas in the CI, Qqu,TGA, which was set such that a total flow of
1.0 L min−1 resulted at the outlet of the TGA quench interface. The
sum of these gas flows was complemented by the gas and particles

Figure 1. Experimental TGA−RDD−SMPS−ICPMS setup, with all flows indicated. Qraw,in, raw aerosol flow from the TGA to the RDD; Qraw,out, raw
aerosol flow released by the RDD; Qdil Ar, dilution argon flow in the RDD; Qpoly, diluted polydisperse aerosol provided to the DMA by the RDD;
QSheath, sheath argon flow; QExcess, excess gas flow at the DMA outlet; Qmono,tot, total monodisperse flow at the DMA outlet; QCPC, total flow in the
condensation particle counter (CPC); Qair,CPC, air flow to reduce the monodisperse aerosol fraction consumed by the CPC; Qmono,CPC and Qmono,ICP,
CPC and ICPMS fractions of monodisperse aerosol flow; Qqu,TGA, quench gas flow in the TGA interface; Qpr,TGA, protective gas flow in the TGA
balance mechanics; Qca,TGA, gas flow to carry the generated aerosol out of the TGA furnace; and Qre,TGA, reactive gas flow, i.e., O2 provided to the
sample to enable controlled combustion of the wood sample (DMA scheme adapted from the scanning mobility particle sizer brochure of TSI,
available at www.tsi.com).
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generated in the furnace and provided as raw aerosol flow to the RDD
head, Qraw,in ≈ 1.0 L min−1. Because this flow was well-defined, the raw
aerosol pump of the RDD, which would normally maintain Qraw,out and
Qraw,in = Qraw,out, was not used and, therefore, disconnected.
Argon was also used as sheath gas in the differential mobility

analyzer (DMA). To cover the range of larger particles, a low sheath
gas flow was set, QSheath = 3.00 L min−1. Although the ideal ratio
between sample and sheath gas flows of the used DMA type would be
1:10, an increased polydisperse aerosol inlet flow was set, Qpoly =
0.60 L min−1, to reduce the residence time in the aerosol lines and to
increase the CPC and ICPMS signals. The monodisperse flow at the
DMA outlet was set equal, Qmono,tot = Qpoly = 0.60 L min−1. A 30%
fraction of this flow was consumed by the CPC, Qmono,CPC = 0.18 L
min−1, the remaining 70% portion was directed to the ICPMS,
Qmono,ICP = 0.42 L min−1. The flow adjustment procedure has been
published earlier19 and is described in the Supporting Information.
Instrument Settings. After introduction of a sample into the TGA

at room temperature, a drying period of 10 min at 105 °C was applied
as the first step of the TGA program. The temperature was then
increased, with a constant heating rate of 5 °C min−1, to 950 °C. This
final temperature was kept for 30 min; therefore, the total experiment
duration was 209 min. The RDD diluter head temperature was set to
TRDD = 80 °C. After a pre-experiment, performed without ET, large
sedimented particles and sticky droplets had been observed on the
impactor, installed at the inlet of the reference SMPS. To focus on the
primarily emitted solid particles, volatile particle compounds were then
vaporized in the ET at TET = 350 °C and no such staining was found
on the impactor after the experiments performed with this
arrangement. The RDD dilution factor was set to the technically
possible minimum under argon operation, DFRDD = 18.1. The DMA
voltage was scanned between 10 V and 4.5 kV, covering the particle
size range between 13.3 and 340 nm. The RF power to induce the
plasma at the ICPMS inlet was set to 1350 W; the sampling depth was
8 mm; and 0.58 LN min−1 argon was added to the plasma torch as
dilution gas.
A non-treated natural sawdust sample was digested in acid and

conventionally analyzed by ICPMS to identify the chemical elements
potentially contained in the later emitted aerosols. Sodium (Na),
magnesium (Mg), potassium (K), and a trace of copper (Cu) were
found. The detected concentrations are listed in the Supporting
Information. 13C, 23Na, 35Cl, 37Cl, 39K, 63Cu, and 65Cu were monitored
in the first experiment, when a pellet from natural sawdust was treated
in the TGA. In addition, 34S was screened in all other measurements.
To consider the high carbon concentration in the generated aerosol,
the integration time of m/z 13 was 0.05 s and those of all other m/z
values were 0.25 s each.
The probability of particles to carry one elemental charge has to be

known for calculating the particle concentration at the SMPS inlet
from the values measured behind the DMA. In the aerosol neutralizer
at the DMA inlet, a known equilibrium state of these particles is
attained,25 which can be calculated using the Wiedensohler
approximation based on several coefficients,26 depending upon the
particle carrier gas.27,28 Adapted calculation coefficients were used to
consider that the particle carrier gas was argon with less than 0.1% O2
when passing the aerosol neutralizer.29

Sample Preparation. The first presented experiment was
performed with natural beech wood sawdust. For each of the
following experiments, a batch of 2 g of sawdust was either

impregnated with a salt solution or treated with pure water. Because
Cu is widely used in plant protection agents, two cupric salts were
selected for impregnating the sawdust to compare the Cu release
during the thermal treatment. These salts were copper sulfate
(CuSO4) and copper chloride (CuCl2). To see whether or not
additional chlorine (Cl) would affect the Cu release, two more
impregnations were applied to further sawdust batches, one with only
potassium chloride (KCl) and the other with both CuSO4 and KCl.
Finally, a sample was treated with pure water, to verify that the
observed changes were caused by the addition of the salts and not as a
result of osmotic effects during the impregnation.

A typical value for the Cu concentration in Swiss urban waste wood
is 30 ppm,30 and a first pre-experiment was performed with a wood
pellet, impregnated with CuSO4 to achieve this concentration. With
this configuration, no particulate Cu release was detected. To see
whether the Cu signal was missing as a result of limitations of the
instrumentation or the thermal behavior of the fuel sample, the CuSO4

concentration was increased, resulting in a Cu concentration of 0.3%.
On the basis of previous studies, Cu is expected to evaporate as

chloride (e.g., CuCl2).
31 Considering the stoichiometry of the chloride

formation, the KCl amount in the respecting solutions was dosed to
provide Cl in excess, namely, Cl/Cu = 4:1 (mol). The salt solutions,
used for impregnating the sawdust batches, are described in the
Supporting Information.

For each experiment with treated sawdust, the desired salt amount
was dissolved in 15 mL of ultrapure water. The salt solution or pure
water was added to 2 g of sawdust in a beaker, later closed with
paraffin film. The mixture was stirred with a magnetic stirrer for 4 h at
room temperature and then poured into a glass dish. Residues in the
beaker were rinsed with 3 mL of ultrapure water and added to the
sawdust slurry. The sample was heated in a drying oven for 90 min at
105 °C. The dried sawdust was then stirred manually, using a spatula,
and the residues at the bottom and wall of the dish were carefully
scraped off and mixed with the sawdust.

To prepare the sample fuel pellets, a stainless-steel die (P0808 from
msscientific) with a diameter of 10 mm was filled with 200 mg of
sawdust. The port at the bottom of the die was connected to a vacuum
pump, and a force of 60 kN was applied to the stamp for 60 s to form
each pellet. The pressed pellets with a diameter of 10 mm and a
thickness of roughly 2.5 mm were again weighted. The sawdust
batches, their treatments, and the masses of the pellets, which were
finally used in the experiments, are listed in Table 1.

The residues, remaining in the TGA crucibles after the experiments
with the natural and impregnated samples, were acid-digested, and the
same elements were conventionally analyzed by ICPMS, as had been
measured by the coupled instrumentation. These measuring results are
provided in the Supporting Information.

Weight Information Obtained by the TGA. The weight
recorded by the TGA balance right after the 10 min drying period
at TTGA = 105 °C, W105, was considered as the start weight of each
sample undergoing the thermal treatment. For all samples, the
remaining weights at TTGA = 500 °C and at the end of the experiment
at TTGA = 950 °C, W500,{sample} and W950,{sample}, were read from the
TGA data and the relative weight fractions at those temperatures were
calculated.

Table 1. Fuel Samples Used for All Experiments

sample name batch weight (g)a first salt second salt pellet weight (mg)b

natural no batch no sawdust treatment, no salts added 199.8
H2O 2.0 water treatment, without salts added 200.4
KCl 2.0 28.6 mg KCl 200.9
CuSO4 2.0 23.9 mg CuSO4·5H2O 201.2
CuCl2 2.0 16.2 mg CuCl2·2H2O 200.0
CuSO4−KCl 2.0 24.2 mg CuSO4·5H2O 28.9 mg KCl 200.9

aAmount of sawdust that underwent impregnation or water treatment. bWeight of the pellet that was finally used for the experiment.
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The differences of the relative weights of all treated samples at these
temperatures were compared to those of the natural sample to
recognize the influence of the treatments on the behavior during the
thermal process.

Δ = −W RW RWT T T,{sample} ,{sample} ,natural

■ RESULTS AND DISCUSSION
TGA Data. The signals recorded during the TGA experi-

ments are plotted in Figure 2. The lower x axis indicates the
experiment run time, the top x axis indicates the corresponding
TGA temperature. The sample weight is logarithmically scaled
at the y axis. In all experiments, about 60% of the dried wood
sample was converted to gas or aerosol between 38 and 52 min
after the start of the experiment, when the temperature was
increasing from TTGA = 235 to 310 °C. These were probably
the hemicellulose and lignin fractions of the wood.32 After
85 min (480 °C), also the cellulose fraction was oxidized and
about 0.7% of the initial weight of the natural sample was left.
Obviously, the water treatment or subsequent drying step was
influencing the behavior of the fuel samples between 300 and
500 °C, and the weight loss of the treated samples was slightly
retarded in comparison to that of the natural sample. After
89 min (500 °C), the combustion of the organic fraction was
accomplished and a stable state was reached in all experiments.
The remaining relative weight fractions of all pellets at

500 °C (89 min) and 950 °C (209 min), RWT,{sample}, are listed
in Table 2 as well as their differences to those of the natural fuel
sample, ΔWT,{sample}.
ΔW500,KCl was very close to the added KCl amount in the

impregnation. Most of this surplus was released later, at
temperatures above 500 °C. The values of ΔW500,CuSO4

and

ΔW500,CuCl2 match the Cu amount in the impregnations well.
However, the CuCl2 sample lost further weight at higher
temperatures, such as the natural sample, while the weight of
the CuSO4 sample remained constant.
In the experiment with the CuSO4−KCl-impregnated

sample, ΔW500,CuSO4−KCl was higher than the sum of

ΔW500,CuSO4
and ΔW500,KCl, and the weight loss in the second

period was lower than that of the KCl sample. This possibly

indicates that CuSO4 was reacting with KCl and forming other
stable species, such as K2SO4, leading to a reduced weight loss.
This appears to be consistent with the observation that, in the
final period at constant 950 °C, the loss per time of the
CuSO4−KCl sample was about twice as high as that of the
other samples, because these secondary species might evaporate
at higher temperatures. The observed values with the water-
treated sample were very similar to those measured with the
natural sample.

SMPS−ICPMS Signals. To correlate the data from SMPS
and ICPMS and to visualize the development of both the
volume-weighted PSD, determined by SMPS, and the
distribution of the different elements on particle size fractions,
measured by ICPMS, a self-written MATLAB code was used to
create color map diagrams. The run time and TGA temperature
are indicated on the lower and upper x axes. The particle
diameter is logarithmically scaled on the y axis. The area, span
by the x and y axes, is filled with colors, representing the
particle concentrations or ICPMS mass intensities, related to
specific particle size fractions and the experiment run time or
TGA temperature. The colors are logarithmically scaled, as
indicated by the scale bar at the right of the diagram area.

Natural Wood. The first particle emissions from the natural
sample were observed after about 30 min, at temperatures
above 200 °C, as seen in Figure 3, representing the
development of the PSD during the TGA experiment.
At about 280 °C, particle volume concentrations of up to

Figure 2. TGA signal recorded during the thermal treatment of all wood sawdust pellets. Lower and upper x axes: Experiment run time and TGA
temperature, respectively. The sample weight is logarithmically scaled, to represent also the weight loss in the second part of the experiment. The
curves are normalized, considering the weight after the initial 10 min drying period to be 100%.

Table 2. Residues of All Fuel Pellet Samples at 500 and 950
°C

RW500 (%)
a RW950 (%)

b ΔW500 (%)
c ΔW950 (%)

d

natural 0.72 0.58
H2O 0.64 0.51 −0.08 −0.07
KCl 2.12 0.75 1.41 0.17
CuSO4 1.05 1.05 0.33 0.47
CuCl2 1.04 0.89 0.33 0.31
CuSO4−KCl 2.71 1.98 1.99 1.40

aRW500 = weight fraction remaining in the TGA after 89 min, at 500
°C, relative to the start weight of the dried sample after the initial 10
min period at 105 °C. bRW950 = final residue after experiment
completion. cΔW500 = difference between the remaining fraction of
each impregnated fuel sample after 89 min (500 °C) compared to the
natural pellet. dΔW950 = difference between the final residue of the
impregnated and natural fuel samples.
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3 × 1014 nm3 cm−3 were observed at about 100 nm in the
dV/d log dP representation. In this temperature range, the TGA
had recorded the highest sample weight decrease. Another
increased particle release was observed at about 460 °C, when
the combustion of the organic fraction was almost completed
(Figure 2). However, these particle volume concentrations
were about 4 orders of magnitude lower than those at 280 °C,
and the mode of this size distribution was at about 30 nm. At
655 °C and when the final 950 °C was reached, particle
concentrations in the same order of magnitude were detected,
with modes around 20 nm.
In a similar manner, the time- and particle-size-resolved

ICPMS mass intensity of the carbon isotope 13C is displayed in
Figure 4. Very high carbon concentrations were found between

35 and 85 min, at temperatures between 230 and 480 °C, when
the TGA also had recorded the highest weight decrease, during
the combustion of the organic wood fraction. The measured
concentrations are nearly constant over the whole particle size
range, indicating that the intensity mainly arose from gaseous
and not particulate carbon, because otherwise, certain particle
diameters would be emphasized. A gradual decrease from 106

counts per second (cps) at 13 nm to about 2 × 105 cps at
100 nm appears in the diagram because a signal is visualized
which was converted to correctly reflect particulate element
mass concentrations, and not the raw or net ICPMS intensity.
The correction factor used for this conversion considers the
probability of particles to carry one elemental charge and is a
size-dependent particle property.

Figure 3. Development of the volume-weighted PSD of aerosol particles, emitted by the pellet, pressed from natural sawdust, during the TGA
experiment, measured by SMPS. Lower and upper x axes: run time and TGA temperature, respectively. Diagram y axis: logarithmically scaled particle
diameter. The colors represent the logarithmically scaled particle volume concentrations, as indicated on the color bar on the right side.

Figure 4. Particle-size-related ICPMS mass intensity on m/z 13, given in cps. The data are presented the same way as the volume-weighted PSD
measured by SMPS and enable a qualitiative observation of the carbon release during the TGA experiment with the pellet from natural sawdust.
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The particulate carbon fraction in this period would have
been higher if no ET had been used to convert volatile matter
into the gas phase, and volatile particles far above the classifying
range of the DMA were expected. However, the ET allowed
focusing on solid particles, and hardly reproducible effects, such
as uncontrolled particle growth as a result of condensation were
avoided. The weak 13C signal at 950 °C had also been observed
in the blank measurement and, hence, did not originate from
the sample itself but from carbonaceous impurities in the TGA
furnace.
The sample weight loss rate determined by the TGA at

280 °C was about ṁwood = 10 mg min−1. As an approximation,
the stoichiometric wood composition was assumed to be
CH1.4O0.7.

33 With the molar masses of C, H, and O, MC = 12 g

mol−1, MH = 1 g mol−1, and MO = 16 g mol−1, the carbon
release in this period can be estimated.

̇ = × ̇

=
+ × + ×

× =− −

m
M

M
m

12
12 1.4 1 0.7 16

10 mg min 0.49 mg min

C
C

CH O
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1 1

1.4 0.7

The integrated particle volume concentration measured at the
same time by the SMPS was cpart,V = 1.2 × 1014 nm3 cm−3. With
the total aerosol flow, Qraw,in ≈ 1.0 L min−1 = 103 cm3 min−1,
the particulate volume flow, V̇part = 1.2 × 1017 nm3 min−1, can
be estimated. With an assumed particle density, ρpart = 1 g cm−3

= 10−18 mg nm−3, the particulate mass flow is estimated to be in
the order of ṁpart = 0.12 mg min−1, which is 2.5% of the total
carbon mass. Only about 10% of all particles were classified in

Figure 5. Particle-size-related ICPMS mass intensity on m/z 35, given in cps, representing the Cl release during the TGA experiment with the pellet
from natural sawdust.

Figure 6. Particle-size-related ICPMS mass intensity on m/z 34, given in cps, representing the Cl release during the TGA experiment with the pellet
from water-treated sawdust.
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the DMA as a result of the probability of particles to carry one
elemental charge, i.e., the probability to be correctly classified in
the SMPS,25 and only a narrow fraction of the remaining
particles was passing the DMA at a particular time as a result of
the size-scanning procedure. Therefore, the contribution of the
classified particles to the total 13C intensity was far below the
standard deviation of the ICPMS background signal. This
calculation is based on a number of assumptions and rough
estimations. However, it explains why no carbon intensity could
be allocated to particles, because the signal was dominated by
gaseous carbon.
Figure 5 shows the visualization of the 35Cl signal. Increased

m/z 35 intensities were measured at about 260 °C, when the
combustion process started, and above 805 °C for about
30 min. Because these enhanced Cl concentrations also span
the whole particle size range, they can again be allocated to

gaseous emissions. There is a certain probability that these m/z
35 intensities were due to interferences, e.g., from carbonaceous
compounds generated by the wood incineration and the
plasma-surrounding atmosphere, such as 16C18C1H.34 Because,
for this case, a similarly wide pattern as in the 13C map (Figure
4) would be expected, it appears more likely that indeed Cl was
emitted at the beginning of the main combustion period.
Together with some hydrogen released by the wood
decomposition, it might have formed HCl and passed through
the SMPS as a gas. The enhanced intensity between 800 and
950 °C is not clearly explained. Neither K nor Na emissions
were detected in this experiment; therefore, this signal is not
related to KCl or NaCl. The m/z 35 intensity could represent
another gaseous compound containing Cl or be caused by an
interference.

Figure 7. Development of the volume-weighted PSD of aerosol particles, emitted by the pellet from KCl-impregnated sawdust.

Figure 8. Particle-size-related ICPMS mass intensity on m/z 39, given in cps, representing the Cl release during the TGA experiment with the KCl-
impregnated sample.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.6b00174
Energy Fuels XXXX, XXX, XXX−XXX

G



On the Na, K, and Cu maps, no enhanced intensities were
observed during the experiment with the natural wood (data
not shown). In a real combustion situation, where the fuel
usually does not experience a constant heating rate but is
rapidly heated and combusted, Na and K would probably be
released together with Cl, as salts. However, in the TGA
experiment presented here, Cl was released at lower temper-
atures and not available for later formation of salt particles.
Water Treatment. No obvious differences were observed

between the SMPS and ICPMS signals from analyzing the
emissions from the water-treated sawdust pellet to those of the
natural sample, except the 13C intensity, which lasted about
6 min longer, corresponding to the TGA signal. Therefore, no
diagrams from this experiment are shown, except the 34S map,
which is shown in Figure 6, because no S information was
available from the first experiment. Weak m/z 34 intensity of
gaseous matter was recorded in the beginning of the main
combustion period, between about 250 and 350 °C. These
signals might have arisen from S, but it cannot be excluded that
they were partially caused by polyatomic oxygen and nitrogen
interferences.
KCl Impregnation. The time-dependent volume-weighted

PSD, measured by the SMPS during the heat treatment of the
KCl-impregnated sawdust pellet, is visualized in Figure 7. In the
period with the highest particle emissions, around 280 °C, the
mode of the PSD was about 50 nm, while it had been close to
100 nm in the experiment with the natural sawdust (Figure 3).
The most obvious difference between the SMPS signals of
these two experiments was found above 655 °C, where
concentrations between 1012 and 1013 nm3 cm−3 in the
dV/d log dP representation were measured with the modes of
the size distribution first increasing from about 50 to above
300 nm and then returning to about 150 nm, at 950 °C. Unlike
in the experiment with the pellet from natural sawdust, no
PSDs with modes around 20 nm were found. Possibly, the
primarily generated particles were in the same size range, but as
a result of their much higher concentration, they rapidly
disappeared by agglomeration, forming bigger particles.

While no particulate K emissions above the background level
had been observed in the experiment with the natural sample,
the 39K map of the KCl-impregnated sample in Figure 8 shows
an obvious time and size correlation to the SMPS signal in the
temperature range above 650 °C. Thus, the RDD−SMPS−
ICPMS instrumentation reveals that the detected SMPS
particles are K compounds. Because no distinct particle
diameters are emphasized below 400 °C, it can be excluded
that the enhanced intensities on m/z 39 in this period were
caused by particulate matter. Again, the intensity is slightly
amplified at small particle diameters as a result of the correction
for the single-particle charge probability. The enhanced signal
did probably not arise from K. It could be a polyatomic
interference, e.g., from 38Ar1H+, arising from water released in
this period, or it might be caused by contaminations at the
ICPMS inlet, dissipating during the first hour of operation.
Over a wide range, the KCl quantum in the fuel sample was

stable. This was verified using thermodynamic equilibrium
calculation software (HSC 7.1 from Outotec, data not shown).
At moderate temperatures, KCl can only decompose if complex
mechanisms enable the release of Cl (e.g., as HCl) and more
stable K species are formed. The 35Cl map in Figure 9 shows
both gaseous and particulate Cl in the same diagram. Gaseous
Cl was detected around 280 °C. This was probably HCl,
formed by Cl− ions from the impregnation and H+ ions
released in terms of the wood decomposition. The 35Cl signal
decreased to the background level after 90 min when the first
weight decrease was accomplished, as seen in the TGA curve of
the KCl-impregnated sample (Figure 2). In the same
temperature and size range as K, particulate Cl was detected.
At 805 °C, 35Cl intensities above 2 × 103 cps were recorded,
when those of 39K were around 7 × 105 cps. Because usually 2−
3 orders of magnitude are between the ICPMS sensitivities on
these elements, it seems reasonable that the K and Cl
intensities were caused by particles with a significant KCl
content.
When particulate K was detected, also Na was found, with

different concentrations but a similar distribution over the
particle size range, as recognized in the 23Na map in Figure 10.

Figure 9. Particle-size-related ICPMS mass intensity on m/z 35, given in cps, representing the Cl release during the TGA experiment with the KCl-
impregnated sample.
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Such emissions were not observed in the experiment with the
natural sample. Because Na had been found in the wet
chemistry analysis of the wood sawdust but was not contained
in the KCl impregnation, it appears that the naturally present
Na+ ions in the wood and the K+ ions were competing for the
additional Cl− ions in the KCl impregnation, resulting in a
considerable formation and release of particulate NaCl. The
RDD−SMPS−ICPMS combination was able to show that
23Na, 35Cl, and 39K were contained in the same particle size
fractions. Because these signals coincide well regarding their
distribution in the relevant size classes, they were probably not
induced by separate NaCl and KCl particles but both salts were
contained in the same particles.
In the period with the highest particulate Na, K, and Cl

emissions, also an increase of the 63Cu signal was detected on

the same particle diameters, as shown in Figure 11. A similar
signal was neither recorded during the experiments with non-
impregnated wood samples nor during the blank measurement,
performed before the KCl experiment. The KCl impregnation
seems to have provoked a release of Cu, contained in the
natural wood, which had also been detected in the wet
chemistry analysis of the sawdust.
The 13C map was similar to that of the natural sample, except

that the release of gaseous carbon during the main combustion
period was about 6 min longer, as observed with the water-
treated sample. Also, the 34S map was not affected by the KCl
impregnation (diagrams not shown).

CuSO4 Impregnation and CuCl2 Impregnation. During
the treatment of the CuSO4-impregnated sample, the carbon-
emitting period was longer, corresponding to the TGA signal.

Figure 10. Particle-size-related ICPMS mass intensity on m/z 23, given in cps, representing the Cl release during the TGA experiment with the KCl-
impregnated sample.

Figure 11. Particle-size-related ICPMS mass intensity on m/z 63, given in cps, representing the Cl release during the TGA experiment with the KCl-
impregnated sample.
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No Cu release was detected, and the only obvious difference to
the experiment with the natural sample was that a gaseous S
compound was found in the first combustion period around
280 °C, as shown in Figure 12. In the heating period below
250 °C, most of the water, including the hydration water of
CuSO4·5H2O, was evaporated. Under oxidizing conditions,
CuSO4 is thermodynamically stable below 400 °C. However,
HSC calculations were made to check whether the formation of
gaseous sulfur compounds was feasible under these conditions.
They confirmed that sulfur dioxide (SO2) can be formed under
slightly reducing conditions (see Figure S1 of the Supporting
Information) and hydrogen sulfide (H2S) can immediately arise
under highly reducing conditions (see Figure S2 of the
Supporting Information). It seems that locally reducing

conditions were obtained during the prompt combustion of
wood, possibly resulting in the formation of H2S.
Below 500 °C, similar gaseous Cl emissions were measured

from the CuCl2- as from the KCl-impregnated sample. In the
HSC calculation, it was confirmed that Cl2 and HCl species are
stable under oxidizing conditions above 200 °C (see Figure S3
of the Supporting Information). Probably, most Cl was released
in the period below 500 °C as HCl, and no Cl was later
available to form chlorides. Hence, no Cl-containing particles
were detected at high temperatures, as shown in Figure 13.
No particulate Cu was detected during both experiments

with the CuSO4- and CuCl2-impregnated samples. Also, the
other signals were similar to those recorded during the
experiment with the natural sample and, hence, are not shown.

Figure 12. Particle-size-related ICPMS mass intensity on m/z 34, given in cps, representing the Cl release during the TGA experiment with the
CuSO4-impregnated sample.

Figure 13. Particle-size-related ICPMS mass intensity on m/z 35, given in cps, representing the Cl release during the TGA experiment with the
CuCl2-impregnated sample.
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CuSO4−KCl Impregnation. The PSD map recorded by the
SMPS during the heat treatment of the CuSO4−KCl-
impregnated sample is shown in Figure 14. In comparison to
the KCl sample, the PSD between 600 and 800 °C was
narrower and less particles above 100 nm were measured. This
is consistent with the TGA signals, where a stronger weight
decrease was observed in this period from the KCl- than from
the CuSO2-KCl-impregnated sample, because possibly CuSO4

and KCl were reacting to other stable species, resulting in
reduced evaporation. At 880 °C and above, the particle
concentrations were in the same order of magnitude, when the
weight loss rates were also similar. The relation of the K, Na,
and Cl maps to the PSD map was very similar to that observed
with the KCl sample. These diagrams are provided in Figures
S4−S6 of the Supporting Information.

When the CuSO4−KCl-impregnated sample was treated in
the TGA, gaseous S was emitted between 200 and 300 °C.
Unlike those from the sample with only CuSO4 impregnation,
these emissions were spread uniformly over the period when
the temperature was increasing from 160 to 310 °C, as seen in
the 34S map in Figure 15. Similar to the case with the CuSO4-
impregnated sample, S species are supposed to arise under
reducing conditions. Possibly, SO2 was continuously formed
(Figure S1 of the Supporting Information) in this experiment,
while the more rapid H2S formation mechanism (Figure S2 of
the Supporting Information) was taking place with the CuSO4

sample. This could explain the difference between the S signals
below 350 °C in Figures 12 and 15.
Even the 63Cu map was not remarkably different from that of

the KCl experiment, although the sample contained Cu with a
very high concentration of 0.3%. Hence, Cu seems to feature a

Figure 14. Development of the volume-weighted PSD of aerosol particles, emitted by the pellet from CuSO4−KCl-impregnated sawdust.

Figure 15. Particle-size-related ICPMS mass intensity on m/z 34, given in cps, representing the Cl release during the TGA experiment with the
CuSO4−KCl-impregnated sample.
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very low tendency to be evaporated in such a thermal process, if
no Cl is available to form cupric chlorides. The 63Cu map is
shown in Figure S7 of the Supporting Information.

■ CONCLUSION
In the TGA, the O2 content and furnace temperature can be
controlled, which allows repeating a defined thermal treatment
with differently impregnated fuel samples and studying the
influence of these treatments on the combustion process.
Coupling this equipment to the RDD−SMPS−ICPMS particle
analyzing instrumentation enables simultaneous size-resolved
online measurement of the elemental composition of gaseous
and particulate emissions, depending upon fuel properties and
TGA parameters.
Short SMPS scan durations in the range of a few minutes

allow the generation of particle concentration maps, represent-
ing the time- and size-resolved particle concentration during
such an experiment. Similar element maps, generated from the
measured ICPMS intensities of a number of elements, with the
same time and similar size resolution as the SMPS data,
representing time- and size-resolved elemental composition of
gas-borne particles in the nanometer size range, allow visually
distinguishing between the gaseous and particulate nature of
the detected elements.
The instrumentation was able to show that the KCl

impregnation facilitated the release of particles containing Cu,
which was originally present in the natural wood. Even very
high concentrations of cupric salts in the wood sawdust
impregnation did not lead to a substantial additional Cu release
in terms of the applied heat treatment. Obviously, the addition
of KCl has led to the formation of Na- and Cu-containing
particles, confirming that adding Cl to the fuel provokes the
release of alkali and heavy metals.
Future applications of the RDD−SMPS−ICPMS setup will

include investigations of process gases, released by impregnated
and real waste samples, which can undergo different heat
treatments in the TGA, laboratory-scale furnace, or other
thermal reactors.
ICPMS sensitivities may be determined for different

particulate elements and SMPS−ICPMS operating conditions
and collected in a database. This would allow not only
allocating certain elements to distinct particle size fractions but
also determining their concentrations in those particles.
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