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Abstract 

The evaluation of aerosol processes which alter the size distribution of accidentally 

released nanomaterial particles in an indoor environment can provide size resolved 

exposure estimations, and subsequently contribute to a more comprehensive risk 

analysis on engineered nanomaterials (ENMs). In this work processed suspensions of 

TiO2 and SiO2 nanopowders were introduced into the reservoir of a nebuliser, and 

injected continuously as nano-aerosols into a room-size dispersion facility for a fixed 

release time. Following injection, the concentration of the dispersed aerosols was 

allowed to naturally decay for a prolonged period. Airborne particle number 

concentration (PNC) and particle size distributions (PSD) were continuously 

measured at a point within the breathing zone near to the source, while deposited 

particles were collected for transmission electron microscopy (TEM) analysis. A 

log10-normal fitting program was used to determine the evolution of the modal groups 

present within the measured PSDs. A modeling approach that considered the 

experimentally determined particle decay rate as a sum of the pair to pair coagulation 

and deposition rates was employed to estimate the relative importance of size-

resolved deposition compared to coagulation. Results indicated that the variation of 

PNC with time was accurately modelled, providing size-dependent insights into the 

contribution of the two particle removal mechanisms to the change of PNC over time. 

The deposition patterns obtained from the TEM images qualitatively supported the 

model results. Since a limited set of input parameters were used, we concluded that 

the proposed model could be an effective tool for a reasonable quantification of 
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worker’s exposure to aerosols originating from the accidental release of diffuse ENM 

in real workplaces. 

1. Introduction 

Nanotechnology is recognised as one of the most important technologies of the 21st 

century. However, evidence on the health (Kermanizadeh et al., 2016; Oberdörster et 

al., 2015; Pattan and Kaul, 2014) and environmental (Gardea-Torresdey et al., 2014; 

Gottschalk et al., 2013; Klaine et al., 2012) impacts caused by the use of applications 

and products embedding engineered nanomaterials (ENMs), have raised some 

concerns within the global community. The potential for human exposure to ENMs 

has so far been addressed to a limited degree (Nazarenko et al., 2012), and the 

relevant detailed information in the existing literature on exposure is often insufficient 

(Ding et al., 2017). To establish appropriate schemes of risk management at 

nanotechnology workplaces where accidental emissions of ENMs and worker 

population co-exist, a combination of toxicological and exposure related data should 

be established.  

Processes at nanotechnology workplaces, such as production, transfer, packaging, 

transfer and processing, where high amounts of ENMs are involved, raise significant 

concerns regarding their safety profile. ENMs in the form of powders present a high 

potential for accidental dispersion (Kuhlbusch et al., 2011) leading to inhalation and 

to dermal exposure. Inhalation is considered as the most likely and direct route of 

exposure to ENMs (Methner et al., 2010a; Methner et al., 2010b), however dermal 

penetration or ingestion may also unintentionally occur (Brouwer et al., 2016; Filon et 

al., 2015). In a recent review conducted by Koivisto et al. (2017), 374 different 

scenarios related to nanomaterial-based products were included, and the authors 

concluded that the type of released particles can vary from consisting of pure 

nanomaterials to fully matrix embedded-nanomaterials, depending on the products 

and processes. Furthermore, they indicated that a well described and harmonized 

methodology for the exposure assessment to ENMs, should unambiguously link test 

procedures to data reporting, including quantification of the amount of nanomaterials 

released when possible. 

Generated airborne nano-objects could enter the respiratory system as individual 

nanoparticles, nanoparticle agglomerates and nanoparticles within or attached to 
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larger particles (Nazarenko et al., 2012). Although a range of submicron particles (< 1 

μm) can effectively access the region of the alveolar where removal mechanisms are 

possibly insufficient (Muhlfeld et al., 2008), nanoparticles (< 100 nm) due to their 

small size, are able to pass into the deeper lung region. The deeper a particle is 

deposited, the longer it takes to be removed from the lung, resulting in the higher 

probability of adverse health effects because of particle-tissue and particle-cell 

interactions (Blank et al., 2009). 

There are three main metrics used within exposure assessments for airborne 

nanomaterial particles. These are: i) mass concentration (mg∙m-3); ii) number 

concentration (n∙m-3) and; iii) surface area concentration (m2∙m-3). Instrumentation is 

available to measure each of these metrics. There is a growing body of discussion 

related to the metrics used in the establishment of occupational exposure limits for 

ENMs. According to Delmaar et al. (2015), at a universal level, a simple dose metric 

for nanoparticles is still lacking. However, a combination of information about 

particle numbers and size distributions provides additional information compared to 

simple number or mass based metrics. 

An important question when assessing the possible risks in accidental dispersions of 

ENMs is to identify and quantify the aerosol transport processes driving changes in 

the morphological characteristics, such as the particle size of the released 

nanomaterial particles, from a source to the receptor (John et al., 2017). Particle 

deposition and coagulation, are considered as two major mechanisms to describe the 

overall particle dynamics in an enclosed aerosol system (Wang et al., 2017). These 

two processes have been studied by many groups as a function of the particle size 

distribution (PSD) and the particle number concentration (PNC) (Jamriska and 

Morawska, 2003; Maynard and Zimmer, 2003; Schnell et al., 2006). They concluded 

that for the establishment of indoor air quality (IAQ) models, information such as 

deposition rates and coagulation coefficients, are required. 

Surface deposition will come into play as a sink during transport from the source to 

the receptor and as a mechanism responsible for surface contamination (Schneider et 

al., 2011). The review of Lai et al. (2002) included experimental measurements of 

surface particle deposition velocities as obtained by various studies, and a U-shape 

feature of the size-resolved deposition velocity occurred. The deposition process of 

ultrafine particles (<0.1 μm) is considered to be affected by Brownian and turbulent 



4 

 

diffusion, whereas gravitational settling is more important for particles larger than 1 

μm. Finally, for those particles between 0.1-1 μm, the dominant mechanism is not 

quite clear.  

On the other hand, extensive dynamic analysis on size-resolved measurements of 

indoor aerosols in real buildings has been conducted by several studies in order to 

track the effect of coagulation on the PNC decay following an episodic release (Rim 

et al., 2012; Wallace et al., 2008; Yu et al., 2013). These studies indicated that particle 

coagulation as a removal process for the ultrafine particles is enhanced by higher PNC 

due to the higher probability for interparticle collisions compared with the larger ones, 

where factors such as the particle size, Brownian motion, Van Der Waals force, 

viscosity and aggregate state have been considered to affect the coagulation. 

Several facilities have been utilised for the study and validation of indoor settings 

dealing with the release of aerosols originating from specific ENMs (Seipenbusch et 

al., 2008; Walser et al., 2012; Wang et al., 2017). The importance of the background 

particle concentration or large associated particles in the fate and behaviour of the 

smaller particles has been highlighted. Furthermore, it has been confirmed that 

dispersed nanomaterial particles are subjected to mechanisms that modify their 

morphological characteristics throughout their transportation from the emission 

source to the receptor. Considering the polydisperse particle size nature of 

nanopowders, it is expected that in the case of an accidental dispersion, large airborne 

nanoparticle agglomerates would be released, demonstrating scavenging activity over 

the smaller particles. 

Currently, a widely used approach considers that if coagulation is negligible, the 

decay of an instantaneously released aerosol into a well-mixed and air-tight enclosure 

can be described in a discrete form as:  

)exp(),(
0,

tNtdN
iddi i

  (1) 

where ),( tdN i
 is the concentration of particles with diameter 

id   at time t, 
id  is the 

size-dependent particle decay rate, t is the elapsed time, and 
0,idN  is the initial indoor 

concentration of particles with diameter
id . Eq. (1) has been used by many researchers 

to analytically describe and quantify particle deposition by mass or number in indoor 

environments or experimental chambers, through the experimentally based 
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determination of 
id  (He et al., 2005; Hussein et al., 2009; Lai and Nazaroff, 2005; 

Lai, 2006; Lai et al., 2002; Thatcher et al., 2002). 

Plots of the logarithmic values of ),( tdN i  versus time corresponding to the decay 

period enable the calculation of 
id  through the gradient of the best fitted line. Yu et 

al. (2013) established a universal criterion to evaluate whether coagulation can be 

ignored relative to deposition for a specific aerosol through the assessment of the ratio 

of coagulation to deposition, combining both experimental and theoretical work. They 

concluded that within the ultrafine size range the ratio of coagulation to deposition 

becomes more and more significant with increasing particle size, but it is inversed in 

the μm size range. However, the evaluation of whether coagulation can in fact be 

ignored relative to deposition within the losses represented by the particle decay rate

id , is still lacking investigation. Furthermore, this assumption should be investigated 

in relation to particle size effects through a size-resolved analysis over the entire 

range of the size distribution of an aerosol.  

The development of simplified models, with reduced input parameters, whilst still 

representing the important particle processes, coupled with their validation through 

experimental measurements, would help to provide tools that may be used to estimate 

the potential exposure to accidentally released nanomaterial particles in the workplace 

with reduced on-site measurements. In this work, the term “accidentally” has been 

used to describe a high energy input to a powdered ENM, such as a leak in a 

pressurised vessel that may lead to a significant high release of nanomaterial particles 

and subsequently to high exposure levels in a confined environment without 

mechanical ventilation (worst case scenario).    

In order to investigate and validate the above assumption, liquid atomisation was 

applied in order to disperse nanomaterial particles originating from specific powdered 

ENMs into a dispersion chamber of a scale representative of a typical workplace, for a 

fixed release time. The evolution of the PSD and the size-resolved PNC during the 

release period, and a subsequent prolonged decay period, was tracked by real-time 

measurement devices operating in parallel near to the source and within the human 

breathing zone (1.50 cm above ground, see Fig. 1b below). The choice of 

instrumentation covered both the nano and micron scale, providing the basis for the 

deduction of the governing kinetics. A log10- normal fitting program was used to 
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distinguish the different modal groups within the measured PSD, thus highlighting the 

interactions of the released aerosol particles over time. Deposited particles were 

collected for transmission electron microscopy (TEM) analysis. 

A particle dynamic model was developed to investigate the differential effect of 

coagulation and deposition on the changes in PNC with time for both experimental 

periods. The modelled coagulation sinks, and the experimentally determined total 

particle loss sinks, were used to estimate the deposition sinks through the assumption 

that the particle decay rate 
id  represents both coagulation and deposition losses. The 

modelled source rates provided estimates for modelling purposes relating to the 

injection stage. All the above were introduced into a size-resolved equation predicting 

the time-dependent changes in PNC of specific diameter particles within what is 

considered to be a well-mixed chamber. The estimated changes in PNC were then 

compared with the experimental measurements and served to highlight the importance 

of the different physical experimental processes in the change of exposure to particles 

within different size ranges during and after the indoor accidental release of 

nanomaterial particles. 

2.  Material and methods  

2.1  Experimental set-up 

The experimental chamber used for the study is of volume 32 m3 and is constructed 

from prefabricated, plastic coated, wipe clean panels. There are two air inlets into the 

main test chamber, one located at a low level on the left hand wall, and the other 

located in the ceiling. Air entering the test chamber is taken from outside the building 

through a pipe network and is HEPA filtered before being conditioned by a humidifier 

and heater, establishing a well-controlled environment to correctly interpret the 

acquired experimental data. One inlet and one outlet mounted on the wall were used 

for sampling and for the introduction of aerosols into the chamber. Shut-off dampers 

were present in both the inlet and outlet in order to ensure the internal volume was 

isolated during the release tests and the prolonged period following the end of release. 

Further details regarding the dispersion chamber are provided elsewhere (Kylafis, 

2016). 

A fan at the bottom of the chamber was operating during the entire experimental 

period (aerosol injection and the following decay period) in order to establish good 
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mixing conditions within the chamber. No extra treatment was applied for the inner 

surface and the shell of the chamber to minimise the deposition of aerosol particles. 

The temperature and relative humidity (RH) of the chamber were monitored during 

the experiments via a Tinytag Ultra 2 TGU-4500 data logger, installed at the sampling 

point A. The scheme of the experimental set-up is shown in Fig. 1.  

 

(a) 

 

(b) 

Fig. 1: (a) Main test chamber dimensions, with air inlet and outlet locations; (b) floor 
plan of the main chamber indicating the location of the experimental measurement 
devices 

2.2  Aerosol generation  

Polydisperse TiO2 and SiO2 aerosols were generated via an injection system 

consisting of a 6-jet Collison Nebuliser (CN, BGI Inc., USA), a stainless steel tube of 

1.13 m length and 2.7 cm ID, a separate pump, pressure regulator and meter operating 

at a flow rate of 8 l min-1 to deliver HEPA filtered air for the carrier gas. The tube was 

operating as a drying section by wrapping it in a heated tape at 50 oC to enhance the 
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removal of humidity from the produced aerosol before its dispersion in the room. The 

colloidal suspensions were prepared by dispersing given amounts (1.5 g) of Aeroxide 

TiO2 P25 (Evonik industries, Essen, Germany) (average primary particle size 21 nm 

and specific surface area 50 ± 15 m2/g) and Synthetic Amorphous SiO2 (NM-200) 

(provided by the Joint Research Centre, Ispra, Italy) (average primary particle size 14 

± 7 nm and specific surface area 189.2 m2/g) nanopowders into Type I biological 

grade de-ionised water (≥18 MΩcm resistivity) by an ultrasonic probe. 

These processes enabled the production of nano-suspensions characterised by 

multimodal size distributions and by the presence of particles with diameter ≤ 100 

nm; the latter was not seen in the case of their respective unprocessed suspensions.  At 

the same time, this method resulted in the elimination of the presence of particles in 

the micron scale and in the establishment of electrical stability based on pH 

measurements in the produced suspensions. The fragmentation occurring in 

suspensions of both tested materials after undergoing sonication can be seen in Fig. 

A1 (Appendix A), where the averaged volume-based distributions as measured by the 

dynamic light scattering (DLS) technique over three sonicated and three unsonicated 

samples (suspension phase), are illustrated. 

2.3  Measurement scenario  

Before each measurement, the chamber was rinsed with ultra-pure water, wiped with 

dust-free paper and ventilated at 12 air changes per hour (ACH) via the ventilation 

control module in order to obtain a particle-free environment (background PNC < 800 

cm-3). Aerosol particles were then continuously injected into the chamber through the 

inlet at a well-controlled flow rate. At the same time, the measurement devices 

presented below began the monitoring process. When the aerosol particles reached the 

desired number concentration (sufficient to accurately measure the concentration 

decay in the chamber), the 6-jet CN was stopped. In the subsequent, post release 

period, the dispersed aerosol was allowed to naturally decay for 5 hours, under 

unventilated conditions. Three replicate tests were conducted for each of the tested 

materials. Inlet temperature was relatively constant throughout the experiments (22.66 

± 1 oC). The relative humidity was 56 ± 4 % RH and 61 ± 6 % RH, throughout the 

injection and decay period, respectively. According to Wang et al. (2017), these RH 

levels are considered as normal without a significant impact on the particle deposition 

rates.  
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A differential mobility spectrometer (DMS500 by Cambustion ltd, UK) and an 

aerodynamic particle sizer (APS model 3321, TSI Inc, USA) located at a specific 

access port outside the wall of the dispersion facility, were employed for simultaneous 

monitoring of the PSD at position A, as indicated in Fig. 1. Also shown are the 

coordinates of the sampling point, as well as those of the aerosol injection point. The 

DMS allowed measurement of PSD within the diameter range 5-1000 nm based on 

the particle mobility within an electric field, whereas the APS measured PSD based 

on the light scattering intensity in the equivalent optical size range of 0.5-20 μm. The 

aspiration rate of the DMS was 8 l/min and that of the APS was 1 l/min.  

External silicone conductive tubing (1 m long and 1/4” ID) was used for sampling the 

indoor air through an access port of the chamber, as shown in Fig.1. The PSD were 

measured in the near field, at a 1 m distance from the source and at a height of 1.50 m. 

Since two measurement devices were sampling in parallel at position A, the aerosol 

stream was split into two via a Y connector fitted through the wall of the chamber.  

Metallic stubs were placed at various locations on the floor and the walls of the 

chamber in order to collect deposited matter for subsequent TEM analysis. 

Specifically, 400 mesh Cu grids coated with holey carbon film (Agar Scientific) were 

attached to standard Al SEM stubs (Agar Scientific) using a spot of silver dag. Once 

the grids were attached, the stubs were placed inside the process chamber at various 

locations on the floor and the walls so particles could attach to the grids. After the 

experiments the grids were carefully removed from the stubs using tweezers and then 

transferred to the TEM for examination. The TEM used was an FEI Tecnai TF20 of 

high resolution suitable for cryo-electron microscopy single particle specimens and 

semi-thick frozen cells (or sections up to 200 nm). 

The diffusion loss for particles larger than 20 nm within the transportation tubing 

computed by the particle loss calculator software tool (Von der Weiden et al., 2009) 

was less than 3.5 % for the combined flow rate (9 l/min) of the aerosol stream starting 

from position A, where the DMS and APS were simultaneously sampling. Therefore, 

we did not implement additional corrections related to the transportation tubing. 

Additionally, the effect of siloxane degassing from the transportation tubing may have 

altered the gas composition of the sample aerosol with subsequent effects on the 

charging efficiency of the unipolar diffusion charger utilised by the DMS, as indicated 

in the work of Asbach et al. (2016). However, due to the high flow rate of aerosol 
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sampled from position A, the concentration of emitted gas can be considered as low, 

reducing any potential effect on aerosol particles, as well as on subsequent sampling. 

The number based PSDs from the DMS and APS, are presented as dN/dlog(dp) 

(relative number concentration), where dN is the number of particles detected in a size 

channel, and dlog(dp) is the difference between the logarithms of the upper and the 

lower channel diameters. As indicated above, the DMS and APS measure electrical 

mobility and aerodynamic diameters, respectively. By assuming that particles are 

spherical and of 1 g/cm3 density, then the two diameters could be considered as 

comparable (Nazarenko et al., 2012). Therefore, the data obtained from the two 

measurement devices was interpreted as measurements on the same particle-size 

scale.  

2.4  Data analysis 

2.4.1  Modal parameter fitting procedure  

The PSDs measured by the DMS were modelled in order to study the evolution of the 

component modes over time. PSDs from monodisperse sources are well known to be 

mathematically described by log10-normal distributions. Since the present work 

studies airborne aerosol particles originating from nanopowders, their diameters are 

expected to range over several orders of magnitude. Therefore, as indicated by various 

other outdoor atmospheric studies (Agus et al., 2007; Lingard et al., 2006; Whitby, 

1978), this wide range of particle diameters results in a better description of the PSD 

by using a sum of log10-normal size distributions described by a small number of 

parameters. 

In this work, a modal fitting program, Rmixdist, was used to estimate the modal PNC 

(mPNC), count median diameter (CMD) and geometric standard deviation (σg) of the 

modes within the measured PSDs. A full description of the program is provided by 

(Leys et al., 2005). Indicatively, based on the aerodynamic processes governing 

atmospheric aerosols, Schneider et al. (2011) utilised the following size ranges to 

characterise the PSDs of aerosols at workplaces: nucleation mode (< 25 nm), Aitken 

mode (25 – 100 nm) which is the transition mode between nucleation and 

accumulation modes, accumulation mode (100 – 1000 nm), and coarse mode (> 1000 

nm). 
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In this work, three modes were initially fitted to the PSD, with the number of modes 

fitted increased until the modelled PSD accurately described the experimental PSD. 

As a result, the PSDs measured within this study consisted of five to seven modes, 

depending upon the material and the associated emission profile, and thus it was 

possible for more than one mode to exist within the categories defined by Schneider et 

al. (2011).. An example of a campaign averaged PSD over a 10 min interval during 

the injection of TiO2 into the dispersion chamber, along with the log10-normal 

component modes fitted by Rmixdist, is shown in Fig. B1 (Appendix B). 

2.4.2  Analytical model  

According to Schneider et al. (2011), for a completely (and instantly) mixed room, the 

time dependent change of PNC with diameter di, N(di,t), in the room can be described 

by: 

loss

i

coag

iii
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tdN
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tdN
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tdS
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where ),( tdS i  is the source rate (particles/s) of the dispersed nanomaterial particles 

with diameter di in the room and V is the volume of the room. The subscripts “coag” 

and “loss” refer to changes due to coagulation and surface deposition-ventilation 

respectively. Since the experiments were conducted without ventilation, the last term 

of the right hand part of the above equation refers exclusively to deposition. It should 

be noted that the particle losses imposed by the measurement devices due to sampling 

were considered to not significantly affect the coagulation and deposition processes, 

therefore these were ignored in the calculations. 

The source rate ),( tdS i  of particles with diameter di was calculated from the formula 

found in the work of Wallace et al. (2004): 
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where 
)0(idN  is the initial PNC of particles di in the testing room of volume V before 

the start of injection process,
 id  is the size-dependent particle decay rate, and t is the 

elapsed time (s).  
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The change in PNC of diameter di due to coagulation can be expressed by the 

following equation (Kulmala et al., 2001; Mönkkönen et al., 2004): 

ii

i

dd

d
NCoagSJ

t

N





 (4) 

where                                  
idN       - number concentration particles of size di (cm-3) 

                                            
idJ       

- 

formation rate of size di particles based on 

coagulation losses (cm-3s-1), and  

                                          CoagS  - coagulation sink (s-1) 

In this work, coagulation was determined by both self-coagulation and coagulation 

scavenging. The coagulation sink in a discrete form is expressed as (Kulmala et al., 

2001): 


j

dji j
NKCoagS ,  (5) 

where                                 jiK ,     -
coagulation coefficient between particles di and 
dj,  j ≥ i,  (cm-3 s-1), and 

                                             jdN    - number concentration particles of size dj (cm-3), 

The formation rate of particles di based on the coagulation losses (
idJ ), on the right 

hand side of Eq. (4), in a discrete form is given by the equation (Schneider et al., 

2011): 




 


ji

j

ddjjid jjii
NNKJ ,

2

1
                            (6) 

where                                                   jjiK ,  - 

coagulation coefficient between 

particles di-j and dj,  j < i,  (cm-3 s-1), 

and, 

                                                              jidN


 - 
number concentration particles of 

size di-j (cm-3). 

The coagulation coefficient is found using the following equations (Kulmala et al., 

2001): 
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where mi is the mass of particle di (kg). The constants assumed in Eqs. (7)-(12) are: T 

= 25 oC or 298 K, ρ = 1,0 g cm-3, λair = 0.0686 μm, μ = 1.83 x 104  g cm-1 s-1, k=1.38 

× 10-23 J/K, and Kn= Knudsen number. 

Through Eq. (2), the changes in PNC during the determined time interval Δt were 

estimated. The injection stage was divided into 14 time intervals (5 min each), and the 

5 h post release period, into 30 time intervals (10 min each). Since the DMS 

measurements are based on discrete particle size bins, the equation was applied 

separately for each bin and calculations allowed comparisons between the modelled 

and the averaged experimental data over the specified time intervals. Through Eq. (3), 

the source rates of particles of a given size were calculated based on the 1 second 

DMS scans and values were averaged over the Δt time intervals determined for Eq. 

(2), whereas for the decay period the source rate term was set to zero. Using Eqs. (5) - 

(12) the coagulation sinks for individual particles of a given size during the 

determined experimental periods have been calculated based on the averaged DMS 

measurements over the Δt time intervals. 
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As indicated in the introduction section, the factor 
id was considered to represent the 

total particle losses including both coagulation and deposition. The plots of the 

logarithmic values of ),( tdN i  versus time obtained by the DMS during the decay 

period, enabled the calculation of 
id  through the gradient of the best fitted line with 

regression coefficient R2> 97%. Therefore, with known total particle losses and 

calculated losses due to coagulation, an estimation of the deposition losses with time 

can be obtained during the entire experimental period, by subtracting the latter from 

the former. 

The sinks were based on coagulation to particles ≤ 2.5 μm, including the overall 

nanoscale defined by the detection ability of the DMS and the upper limit of the APS 

where μm-particles were able to be detected. It should also be noted that the particles 

in the micron-scale were considered to contribute to coagulation as scavengers over 

nanoscale particles, excluding self-coagulation (homogeneous coagulation).  

3.  Results and discussion 

3.1  Experimental results 

Figs. 2 and 3 present the evolution of the average PSD over time for the TiO2 and 

SiO2 aerosol, respectively, as measured by the DMS and the APS. Each data point 

represents the channel-specific relative number concentration averaged over each ten-

minute interval of the total experimental period and for all replicates of each case. 

Due to the extended length of the decay period, the first 10 min intervals of each hour 

following the end of injection and the last 10 min interval of the particular period, are 

presented. The inserted tables into the graph windows summarise the total PNC 

corresponding to the first and to the last interval of each experimental period 

(injection and 5 hour decay period), as measured by the DMS for particles ≤ 1 μm, 

and by the APS for particles > 1 μm in diameter. 

The standard error of the mean of the ten minute averages across the three replicates 

was found to vary with particle size. Specifically, the standard error in DMS 

measurements typically represented 5-25 % and 4-15 % of the mean number 

concentration value within each particle size bin, while that in APS measurements 

typically represented 4-9% and 3-6.5% of the mean number concentration value 

within each particle size bin, for the TiO2 and SiO2 dispersion tests respectively. This 
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difference between standard errors can be attributed to the fact that the two 

instruments use different principles to measure particle size, with the DMS being 

more vulnerable to variability due to its electrometers. The highest standard errors 

were observed for the smallest size bin of the DMS, since the number concentrations 

were low and therefore comparable to the noise level of the instrument resulting in 

fluctuations in measurements. 

As can be seen in Figs. 2a and 3a, the subsequent PSDs during the injection stage of 

both tested materials, each showed a slow but stable shift of the central particle mode 

diameter to larger sizes. Also, it is interesting to note that in the case of SiO2, there is 

a strong presence of what would usually be classified as nucleation mode particles 

(diameter < 25 nm). 

Significant decay of the total PNC can be seen within the first hour of the decay 

period, for both tested materials (from 2.40×105 to 1.42×105 #/cm3, and from 

1.65×105 to 1.15×105 #/cm3, for TiO2 and SiO2, respectively). For the SiO2 decay 

period (Fig. 3b), a gradual shift of the dominant mode in the nanoscale to larger 

diameters can be seen throughout the whole study period of 5 hours. At the same 

time, it is shown that the PSD rapidly narrowed within the first hour of the decay 

period, with substantial losses of the smallest particle sizes. These losses could be 

attributed to high coagulation rates developed for these small particles after the 

termination of a constant supply of fresh aerosol by the source. In contrast to TiO2, 

while the main mode was located at 177 nm at the start of the decay process, it 

continuously increased up to 198 nm at the end of the final 10-minute interval. The 

drop in the total PNC within the first hour of the decay process (from 1.65×105 to 

1.15×105 #/cm3) was more moderate compared to that observed for TiO2 (from 

2.40×105 to 1.42×105 #/cm3. This could be attributed to differences in the relative 

importance between particle loss mechanisms, resulting in the observed small shifts of 

the main mode toward to larger sizes. 

On the other hand, the APS measurements indicated the presence of coarse particles 

(> 1 μm), described by an increasing trend during injection (Figs. 2a and 2b). 

However, their number concentration was substantially lower than that of submicron 

particles, whereas in the case of SiO2, their number concentration was substantially 

lower compared to those observed in the TiO2 dispersion tests. Finally, during the 5 
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hour period following the end of injection (Figs. 2b and 3b), their PNC was shown to 

gradually decrease, possibly due to surface deposition induced by gravitational 

settling (Lai, 2002), a process that is considered to contaminate surfaces (Schneider et 

al., 2011). 

 

 

Fig. 2: Evolution with time of the average PSDs a) in consecutive 10 min intervals 
during the 70 min continuous injection period of TiO2 aerosol, and b) in the first 10 
min intervals of each hour following the end of injection, up to the last 10 min 
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interval of the study period 

 

 

 

Fig. 3: Evolution with time of the average PSDs a) in consecutive 10 min intervals 
during the 70 min continuous injection period of SiO2 aerosol, and b) in the first 10 
min intervals of each hour following the end of injection, up to the last 10 min 
interval of the study period 

3.2 Modal fitting of particle size distributions 

The average CMDs resulting from Rmixdist fitting of the PSDs measured by the 

DMS are shown in Fig. 4, for both tested materials and experimental periods. Based 

10 100 1000 10000
0.0

5.0x10
4

1.0x10
5

1.5x10
5

2.0x10
5

2.5x10
5

  0 min - 10 min

 10 min - 20 min

 20 min - 30 min

 30 min - 40 min

 40 min - 50 min

 50 min - 60 min

 60 min - 70 min

Particle Diameter (nm)

d
N

/d
lo

g
(d

p
) 

(#
/c

m
3
) 

D
M

S

Time Total PNC (submicron) Total PNC (micron)

min10min0  tt 34 /#1062.1 cm 31 /#1080.1 cm
min70min60  tt 35 /#1063.1 cm 32 /#1099.1 cm

0.0

5.0x10
2

1.0x10
3

1.5x10
3

2.0x10
3

2.5x10
3

3.0x10
3

3.5x10
3

APS

 d
N

/d
lo

g
(d

p
) 

(#
/c

m
3
) 

A
P

SDMS

a

10 100 1000 10000

0,0

5,0x10
4

1,0x10
5

1,5x10
5

2,0x10
5

2,5x10
5

  0 min - 10 min

  60 min - 70 min

 120 min - 130 min

 180 min - 190 min

 240 min - 250 min

 290 min - 300 min

Particle Diameter (nm)

d
N

/d
lo

g
(d

p
) 

(#
/c

m
3
) 

D
M

S

Time Total PNC (submicron) Total PNC (micron)

min10min0  tt 35 /#1065.1 cm 32 /#1007.2 cm
min300min290  tt 34 /#1083.3 cm 31 /#1057.3 cm

0,0

5,0x10
2

1,0x10
3

1,5x10
3

2,0x10
3

2,5x10
3

3,0x10
3

3,5x10
3

4,0x10
3

b

APSDMS

  
d

N
/d

lo
g

(d
p
) 

(#
/c

m
3
) 

A
P

S



18 

 

on the atmospheric aerosol size distributions’ modal characteristics, the dispersion of 

TiO2 (Fig. 4a-b) indicates a continued presence of what would usually be classified as 

Aitken (25 – 100 nm) and accumulation (> 100 nm) mode particles. In addition to 

this, in the case of SiO2 (Fig. 4c-d), the presence of modes whose diameters lie within 

what is usually classified as nucleation size range (0 – 25 nm) can be seen. 

 

Fig. 4: Variations in CMDs of (a and c) the injection stage and (b and d) the 5h period 
following the end of injection, for (a and b) TiO2 and (c and d) SiO2 dispersion tests 
respectively. 

For TiO2 aerosol injection, a rapid shift of all the modes towards larger sizes at the 

end of the second 10 min interval of release (Fig. 4a) can be seen, especially for larger 

particles. Indicative of this, is the 300 nm net increase of the diameter of Mode 4 

during this time. The shifts of the modal diameters towards larger sizes continued 

more moderately until the end of the third 10 min interval. In the remaining time up to 

the end of the release process, the majority of the modes remained constant, except for 

Modes 3 and 4. These modes demonstrated growth from 168 nm to 185 nm and from 

594 nm to 620 nm, respectively. However, during the following 5 h period (Fig. 4b), 

the majority of CMDs remained relatively stable, except for Mode 4 which increased 

by 20 nm at the end, reaching a diameter of 640 nm. 
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For the SiO2 dispersion tests, as shown in Figs. 4c and 4d, the number of fitting 

modes required to adequately describe the average PSDs were seven as opposed to 

five required for the TiO2 ones. Throughout the release process, Modes 1 and 2 

demonstrated relatively stable diameter characteristics. Modes 3 and 4 remained 

stable during the first 20 min of injection, while a similar behaviour was demonstrated 

by the larger particles (Mode 5 and 6). The only exception was Mode 7 which showed 

a growth in diameter, from 786 nm to 859 nm, during this period. In the remaining 

intervals up to the end of injection, a gradual growth was demonstrated by the total 

number of modes in the Aitken and accumulation size region. 

In the 5 h period following the end of injection, the growth process continued 

throughout the study period for the majority of the modes (Fig. 4d), which was not 

observed for their TiO2 counterparts. This could be attributed to the presence of 

nucleation mode particles in SiO2 aerosol, which may have resulted in different 

agglomeration rates when the chamber was filled with a sufficient PNC of larger 

particles. Mode 1 and 2 significantly increased in diameter during the first 30 min, 

with Mode 2 stabilising within the Aitken region at the end of this period. The 

disappearance of nucleation mode particles after the first hour can be observed. In the 

middle of the 5-hour period, Mode 4 passed into the accumulation region due to the 

continued growth process. Mode 5, with the highest particle population, incrementally 

reached the 220 nm in diameter at the end, from the 180 nm at the beginning. Finally, 

the largest Modes 6 and 7 presented a stable evolution with time, without any 

remarkable change in their size. 

3.3 Contribution of coagulation and deposition to the total concentration loss 

It is clear from the discussion above that the action of the two major competing 

processes, coagulation and deposition, demonstrated different relative intensities that 

affected the PSDs of the dispersed aerosols over time, and consequently any 

toxicological impact related to the particle size characteristics. These two mechanisms 

are acting simultaneously although the relative contribution of each mechanism to the 

total PNC changes over time.  

By grouping and summing the measured PSDs from the DMS, and those estimated by 

the modelled changes in PNC through Eqs. (2)-(12), over ultrafine (≤ 100 nm) and 
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fine (>100 nm) size regions, the influence of each mechanism on the change of the 

associated PNC over time in Figs. 5 and 6, can be seen, for TiO2 and SiO2 

respectively. These size class boundaries were chosen on the basis of the associated 

adverse health effects induced by the inhalation of such particles, as indicated in the 

introduction section.  

 

Fig. 5: Evolution over time of the change in PNC (estimated and measured) of TiO2 
aerosol due to coagulation and deposition for (a, b) ultrafine and (c, d) fine particles 
during the (a, c) injection stage and the (b, d) 5 h period following the end of 
injection. 

During the early stage of the injection of TiO2 aerosol, the co-existence of weak 

coagulation and deposition in ultrafine particles can be seen (Fig. 5a). After that 

period, when the chamber was filled with sufficient PNC, heterogeneous coagulation 

became dominant compared to deposition, resulting in the abrupt shifts of CMDs 

toward larger sizes at the end of the 20th minute of injection, as indicated in the modal 

analysis. Finally, despite the fact that the source was producing particles in the 

ultrafine size category, the respective calculated source rates appeared to decrease 

over time. Following Wallace et al. (2008), this could be attributed to the slower 

buildup of larger particles which are more efficient at scavenging the smaller 
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particles. This in turn, may results in loss rates for ultrafine size categories greater 

than the gain due to generation by the source.   

At the same time, for fine particles the concentration decay was mainly controlled by 

deposition when PNC were low (see Fig. 5c); however, as PNC increased with time, 

homogeneous coagulation gradually increased its contribution to particle removal, 

leading to a balance at the end of injection when the contributions of both 

mechanisms became almost equal. 

For the subsequent 5 h decay period under well-mixed and unventilated conditions, 

the dominant role of heterogeneous coagulation in the removal of ultrafine particles 

can be seen (Fig. 5b), demonstrating a downward trend through time, while deposition 

losses gradually increased, however without significant contribution to the 

concentration decay. When PNC became low, deposition was dominant over 

coagulation. On the other hand, losses of fine particles due to homogeneous 

coagulation exponentially decreased with time. While deposition losses also 

decreased throughout this period, this was at a lower rate compared to coagulation, 

resulting in the domination of the former over the latter throughout the decay period, 

as shown in Fig. 5d. 

 

10 20 30 40 50 60 70
0

10

20

30

40

50

60
 Source rate  Heterogeneous Coagulation 

 Homogeneous Coagulation   Deposition Losses 

 dN/dt (estimated)  dN/dt(measured)

C
h

a
n

g
e

 i
n

 P
N

C
 (

#
/s

e
c
)

Time (min)

(a)

50 100 150 200 250 300

-20

-16

-12

-8

-4

0

 Homogeneous Coagulation 

 Heterogeneous Coagulation

 Deposition Losses

 dN/dt (estimated)

 dN/dt(measured)

(b)

C
h

a
n

g
e

 i
n

 P
N

C
 (

#
/s

e
c
)

Time (min)

10 20 30 40 50 60 70
0

10

20

30

40

50
 Source rate   Heterogeneous Coagulation 

 Homogeneous Coagulation   Deposition Losses 

 dN/dt (estimated)  dN/dt(measured)

(c)

C
h

a
n

g
e

 i
n

 P
N

C
 (

#
/s

e
c
)

Time (min)

50 100 150 200 250 300
-14

-12

-10

-8

-6

-4

-2

0

 Homogeneous Coagulation 

 Heterogeneous Coagulation

 Deposition Losses

 dN/dt (estimated)

 dN/dt(measured)

(d)

C
h

a
n

g
e

 i
n

 P
N

C
 (

#
/s

e
c
)

Time (min)



22 

 

Fig. 6: Evolution over time of the average change in PNC (estimated and measured) 
of SiO2 aerosol due to coagulation and deposition for (a, b) ultrafine, and (c, d) fine 
particles during the (a, c) injection stage and the (b, d) 5 h period following the end of 
injection. 

Regarding the SiO2 dispersion tests, during the early stage of injection, losses of 

ultrafine particles were dominated by deposition (see Fig. 6a). Contrary to their TiO2 

counterparts, the deposition losses of the SiO2 ultrafine particles, demonstrated an 

increasing trend with time, reaching a maximum at the 20th minute of injection. 

Losses due to heterogeneous coagulation also increased during the injection period 

with an almost linear trend. After this period, as PNC in the chamber increased by the 

injection of fresh aerosol, heterogeneous coagulation for these particles became 

dominant and determined their losses up to the end of injection, while deposition 

losses gradually decreased, reaching almost zero values at the end of the process. Fine 

particles, similarly to their TiO2 counterparts, were increasingly removed by 

deposition throughout the injection process (Fig. 6c), while homogeneous coagulation 

was also increasing. However, the equivalency between these two removal 

mechanisms observed in the case of TiO2 at the end of injection, cannot be seen here. 

In the 5 h period following the end of injection, concentrations of SiO2 ultrafine 

particles, similar to their TiO2 counterparts, were governed by losses induced by 

heterogeneous coagulation (Fig. 6b), while losses due to deposition were low, except 

for minor contributions estimated at very low PNC, when the relative importance of 

both coagulation and deposition became almost equal. Fine particles, as can be seen in 

Figure 6d, were mainly removed by deposition which decreased over time with the 

decrease of the PNC, while homogeneous coagulation demonstrated a secondary role 

in the particle removal process throughout this period. 

By summing the average results presented above over the specified size groups, then a 

comparison between the measured and estimated PNC changes, for both materials, for 

the whole size spectrum of DMS, can be obtained, as shown in Fig. 7. The analytical 

model is not capable of capturing the fluctuations of PNC that may result for example 

from localized turbulent flows. However, the temporal changes of total PNC are 

adequately captured, indicating that an acceptable explanation of the particle 

mechanisms has been found. 
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Fig. 7: Aggregate model (estimated) and experimental results (measured) of (a, c) the 
injection stage and (b, d) the 5 hours following the end of injection, for (a, b) TiO2 and (c, d) 
SiO2 respectively. Results refer to the whole size spectrum of the DMS (4.87-1000 nm). 

The percentage of loss attributed to coagulation and deposition over time, in ultrafine 

and fine particles, is shown in Figs. 8 and 9 respectively, for both tested materials. In 

general, the contribution of deposition in the loss of SiO2 ultrafine particles over time 

was substantially higher than that in their TiO2 counterparts (see Fig. 8), while 

homogeneous coagulation losses were more intense in the case of the latter than that 

of the former. On the other hand, during the period of high PNC (end of injection-start 

of the 5 hour decay period), increased losses due to homogeneous coagulation can be 

seen for the TiO2 fine particles compared to their TiO2 counterparts (Fig. 9). 

Indicative of that is the 51.5% and 48.5%, and the 35.5% and 64.5%, relative 

contributions of homogeneous coagulation and deposition to the total particle loss 

sink over the last 5 min of the injection of TiO2 and SiO2, respectively.  

Finally, at the peak particle concentration, irrespective of the material type, the total 

concentration decay of ultrafine particles was mainly controlled by coagulation (more 

0 10 20 30 40 50 60 70
0

20

40

60

80

100

120
 dN/dt (estimated)

 dN/dt(measured)

T
o

ta
l 
C

h
a

n
g

e
 o

f 
P

N
C

 (
#

/s
e

c
) 

Time (min)

(a)

0 50 100 150 200 250 300
-40

-30

-20

-10

0

10
 dN/dt (estimated)

 dN/dt(measured)
(b)

T
o

ta
l 
C

h
a

n
g

e
 o

f 
P

N
C

 (
#

/s
e

c
) 

Time (min)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70
 dN/dt (estimated)

 dN/dt(measured)(c)

T
o

ta
l 
C

h
a

n
g

e
 o

f 
P

N
C

 (
#

/s
e

c
) 

Time (min)

0 50 100 150 200 250 300
-40

-30

-20

-10

0

10
 dN/dt (estimated)

 dN/dt(measured)(d)

T
o

ta
l 
C

h
a

n
g

e
 o

f 
P

N
C

 (
#

/s
e

c
) 

Time (min)



24 

 

than 90% contribution), and as PNC decreased the coagulation related loss decreased 

with time because a lower concentration results in fewer collisions and lower particle  

 

Fig. 8: Contribution of coagulation and deposition over time to PNC loss of (a, b) 
ultrafine TiO2 particles and (c, d) ultrafine SiO2 particles, during their (a, c) injection 
and their (b, d) 5 h decay period. 
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Fig. 9: Contribution of coagulation and deposition over time to PNC loss of (a, b) fine 
TiO2 particles and (c, d) fine SiO2 particles, during their (a, c) injection and their (b, 
d) 5 h decay period. 

loss rates. At the same time, the amount of deposition significantly increased with 

time and dominated the concentration decay. 

The relative contribution of coagulation and deposition to the decay of indoor 

polydisperse aerosols, such as aerosolised SiO2 nanoparticles (Wang et al., 2017), 

gasoline vehicle exhaust particles (Zhao et al., 2015), and diesel and paper ash 

particles (Schnell et al., 2006) has been investigated by previous studies, providing 

the basis for comparisons to the results presented here which correspond to the decay 

period of the tested aerosols. It should be noted that these studies applied different 

analytical and computational methods to model coagulation, avoiding the complexity 

of the pair to pair nanoparticle collision and coagulation theory applied in this work. 

For polydisperse SiO2 aerosol particles of diameter ranging from 10 to 400 nm, the 

contribution of the initial coagulation to the total particle loss was of 60%, at an initial 

peak concentration 6.0 x 104 particles cm-3 (Wang et al., 2017). In the works of Zhao 

et al. (2015) and Schnell et al. (2006), for particles from gasoline vehicle exhaust of 

diameter < 100 nm, and for diesel and paper ash particles with initial geometric mean 

diameter (GMD) 52-227 nm, respectively, it was indicated that during the first 10 min 

of decay the contribution of coagulation was up to 90% or more (initial peak particle 

concentration of 105-106 #/cm-3). After development of particle decay, the 

contribution of coagulation decreased with time, while the amount of deposition 

increased with time, as indicated also in this work. 

Complementary information related to the formation and agglomeration 

characteristics of the deposited particles can be derived from the TEM images shown 

in Fig. 10. Individual primary particles were not detected on the metal stubs for either 

of the materials. TiO2 samples (Fig. 10a) revealed the presence of large spherical 

shaped formations composed of multiple primary nanoparticles with a relatively high 

number of detected sizes ranging from some hundreds of nm to more than 1 μm in 

diameter. Based on the model results, this could be attributed to the strong 

homogeneous coagulation between fine particles during their airborne phase. In some 

cases, these large nanoparticle agglomerates were observed to be attached to smaller 

particles forming chainlike agglomerates, suggesting that the latter were scavenged by 
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the former undergoing gravitational settling. Similarly, Yu et al. (2013) indicated the 

role of coagulation in determining the loss of PNC with the increase of total aerosol 

number concentration. 

   
(a) 

 

   
(b) 

Fig. 10: (a) TiO2 and (b) SiO2 nanoparticle agglomerates deposited on the floor and 
the walls of the exposure chamber as captured by TEM. 

TEM data also showed a predominance of agglomerated nanoparticles in the SiO2 

samples (Fig. 10b). The average size range of these agglomerates was substantially 

lower compared to their TiO2 counterparts, whereas their morphology presented a 

more rod-shaped structure. Aggregates of small sizes were observed which in some 

cases reached 50 nm in diameter. The latter is aligned with the strong deposition 

losses of ultrafine particles, as indicated by the model results for the early stage of 

SiO2 injection. Therefore, it is concluded that the deposition patterns obtained by 

TEM images representing the nanoparticle agglomerates present in the different 

aerosols, qualitatively support the results obtained with the application of the aerosol 

dynamic model. 



27 

 

Another interesting aspect derived from the TEM images is that the TiO2 

agglomerates presented a compact structure characterised by a spherical shape within 

which the primary particles appear to be held together by strong bonds. On the other 

hand, the SiO2 agglomerates are shown to consist of primary particles which 

coalesced to each other with loose bonds. Given that Van der Waal’s forces are a 

determinant factor in the promotion of particle coalescence, and that Hamaker 

constants in air medium have been estimated to be 15.3×10-20 J and 6.5×10-20 J 

(Bergström, 1997), for TiO2 and SiO2 particles, respectively, the more strongly 

bonded structure presented by the TiO2 deposited agglomerates compared to the SiO2 

ones, seems to be reasonable. 

4.  Conclusions 

Dispersion experiments were carried out in an enclosed chamber simulating the 

atmosphere of a workplace, and the variation of size distributions of nanomaterial 

particles generated from specific nanopowders mere measured over a period of time, 

under stirred conditions and without ventilation. 

Novel features of our experiments are: the simultaneous emission and post-emission 

measurement of PNC via a DMS and an APS which extended the range of the particle 

size measurements from 0.00487 μm to 20 μm; the integration of experimental 

observations through the combination of high resolution temporal and size segregated 

real time sampling, with an off-line analysis (i.e. TEM) of deposited particles; the 

comparison of experiments with two widely used powdered ENMs, such as TiO2 and 

SiO2. Furthermore, the combination of analysis of the real time measurements with 

the development of a particle process model, allowed the relative importance of 

different particle loss mechanisms (deposition, homogeneous coagulation and 

heterogeneous coagulation) to be evaluated, for the two particle types.  

The evolution of the modal groups presents within the PSDs measured by the DMS 

was determined through a log10-normal fitting program. The study of the time 

evolution of the modes indicated that the agglomeration effect, in terms of particle 

growth, is observable after the time required for the chamber’s volume to reach 

sufficiently high PNC under well-mixed conditions to promote particle coagulation. 

Additionally, it was shown that during the prolonged post injection decay period, the 

TiO2 aerosol demonstrated a rapid decrease in PNC within the first hour accompanied 
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by a relatively stagnant main peak diameter over time, while the SiO2 aerosol 

demonstrated a more moderate decrease in PNC accompanied by shifts of the PSD 

toward larger sizes over time.  

Based on a new approach that considers a total particle decay rate incorporating 

coagulation and deposition losses, the changes in PNC over time caused by the action 

of these two particle removal mechanisms were accurately modelled using a small 

number of physical parameters. The modelling results suggested that for ultrafine 

particles of both tested materials, heterogeneous coagulation was the main particle 

loss mechanism which increased as the PNC increased within the chamber. In 

contrast, losses in fine particles were predicted to be mainly dominated by deposition. 

However, differentiations were observed in the model predictions with respect to the 

material type. Increased deposition losses of SiO2 ultrafine particles and increased 

homogeneous coagulation losses of TiO2 fine particles, compared to their TiO2 and 

SiO2 counterparts, at low (early injection stage) and high (end of injection-start of the 

5 hour decay period) PNC, respectively, were estimated by the model. 

The deposition patterns indicated by TEM images representing the nanoparticle 

agglomerates present in the different aerosols, qualitatively supported the results 

obtained from the application of the aerosol dynamic model. Furthermore, SiO2 

deposited particles presented more weakly bounded looser structures than their TiO2 

counterparts, and as such may present a greater risk of de-agglomeration under 

accidental and post-accidental conditions. 

Although the application of results presented by this work to real-world situations 

needs to be carefully performed, as the initial conditions (e.g. the initial PSDs 

produced by the 6-jet CN, the turbulence intensity induced by the fan, the existence of 

additional surfaces to those provided by the chamber’s wall and floor which may 

influence the particle deposition rates) may differ significantly to these presented 

here, this article provides an approximate range of input parameters for mathematical 

modelling, as well as the means for evaluating the effects of mechanisms governing 

the indoor behaviour of accidentally released aerosol particles generated from 

powdered ENMs and their potential risks to human exposure. 
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Fig. A.1: Volume based average PSD derived by the DLS method of (a) TiO2 and (b) 
SiO2 nanopowders in water suspensions (symbols: experimental data ±2σ; line: 
multiple peak fit) with and without sonication. 
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Fig. B.1: An averaged PSD of a typical TiO2 dispersion test, indicating the 
component log10-normal modes fitted by the Rmixdist package 
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Highlights 

 Size resolved particle dispersion experiments with engineered nanomaterials 

in an enclosed chamber simulating the atmosphere of a workplace; 

 Quantification of coagulation and deposition through the application of a 

particle process model; 

 The changes in size-resolved PNC over time were accurately modelled using a 

small number of physical parameters; 

 The particle deposition patterns illustrated by TEM images qualitatively 

supported the model results.    

 

 


