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Volatility Tandem Differential Mobility Analysers (VTDMAs) are widely used for deter-
mining the volatile and refractory fractions and thus the mixing state of aerosols particles.
A three-channel VTDMA consisting of two thermodenuders (TDs) with distinct designs
(i.e., the NanoTD, having a straight tube design, and a coiled TD; cTD) and a by-pass line
was built and fully characterized. Both TDs were tested using laboratory-generated aerosol
particles (single compound and core–shell particles) as well as atmospheric aerosols
observed at an urban background station. The NanoTD exhibited high particle penetration
efficiency and negligible thermophoretic losses, making it advantageous for ultrafine
particle analysis, especially in environments with low particle concentration. The cTD
allows longer particle residence time for the same flow rate, resulting in higher particle
volatilization in some cases. Higher particle losses in this TD, both thermophoretic and
diffusional, pose a limitation when dealing with low particle concentrations.

The difference in the performance between the thermodenuders was only noticed at
intermediate temperatures, at which particle volume loss becomes more pronounced.
These temperatures vary among aerosols, since the volatilization rate depends on the
chemical complexity and size of the particles sampled. Differences in the aerosol volume
fraction remaining after heating with the two TD designs exhibited a maximum of 20% for
single-compound particles and 12% for urban background aerosols. Measurements using
core–shell particles yielded differences of up to 21% in particle volatilization, indepen-
dently of particle size, when comparing the system using either of the two TD designs.
Similar results were obtained with the two TD designs at higher operating temperatures
(e.g., 230 °C), indicating that at this temperature most of the material on the particles was
evaporated.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Atmospheric aerosol particles can affect the climate of the Earth by directly absorbing and scattering radiation, or
indirectly by acting as cloud condensation nuclei (CCN) (IPCC, 2007; Lohmann and Feichter, 2004). At the same time, they
pose a great risk on humans due to their adverse health effects (Colome, Kado, Jaques, & Kleinman, 1992; Cullen et al., 2000;
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Davidson, Phalen, & Solomon, 2005; Oberdörster et al., 2004; Pope, 2000). High concentrations of ultrafine particles (UFPs,
i.e., particles having diameters smaller than 100 nm) have been shown to correlate well with hospital readmission of
patients (Von Klot et al., 2005) and human health effects by several epidemiological studies (Donaldson et al., 2002; Li et al.,
2003; MacNee, & Donaldson, 2003). UFP can also act as particle bound mutagens carriers to the lung (Kawanaka, Matsu-
moto, Sakamoto, & Yun, 2011). Due to their small diameter, ultrafine particles have the ability to penetrate deep into the
lungs and reach the alveolar region (ICRP, 1995). Nevertheless, it is not clear which chemical or physical–morphological
properties of particles are responsible for the adverse health effects (Harrison & Yin, 2000).

The low mass concentration, short life-time and complex composition of UFPs typically observed in the environment
makes traditional filter sampling and offline analysis methods unsuitable when high time resolution measurements are
required. Tandem Differential Mobility Analyser systems, introduced by Liu et al. (1978) and adapted to study several
intrinsic particle properties like hygroscopicity volatility and organic content (Rader and McMurry, 1986), provide an
effective alternative analysis technique.

Volatility is increasingly considered one important property to assess both in short-term campaigns and long-term
routine measurements in air quality stations (Poulain et al., 2014). The study of aerosol volatility can provide valuable real-
time information on particle mixing state, which can be used to indirectly infer their chemical composition (An, Pathak, Lee,
& Pandis, 2007; Burtscher et al., 2001; Jennings, O’Dowd, Cooke, Sheridan, & Cachier, 1994; Kuhn, Biswas, Fine, Geller, &
Sioutas, 2005; Orsini et al., 1999; Philippin, Wiedensohler, & Stratmann, 2004; Poulain et al., 2014; Sakurai, Park, Mcmurry, &
Kittelson, 2003). VTDMA measurements have been used to determine the volatility of particles observed in the atmosphere
(Burtscher et al., 2001; Engler et al., 2007; Frey et al., 2008; Kuhn, Biswas, Fine, et al., 2005; Kuhn, Biswas, Sioutas, 2005;
Moore, Ning, Ntziachristos, Schauer, & Sioutas, 2007; Philippin et al., 2004; Tiitta et al., 2010; Wehner, Philippin, Wie-
densohler, Scheer, & Vogt, 2004) and synthesized in the laboratory (An et al., 2007; Johnson, Ristovski, & Morawska, 2004;
Maruf Hossain et al., 2012; Orsini et al., 1999; Paulsen, Weingartner, Rami Alfarra, & Baltensperger, 2006; Villani, Picard,
Marchand, & Laj, 2007), while recently developed miniaturized, lightweight and cost-effective classifiers (cf. Bezantakos et
al., 2015) can further reduce their complexity and increase their portability.

The operating principle of the VTDMA is rather simple: one DMA is used to select from the polydisperse aerosol sample
particles that have sizes within a very narrow range (i.e., monodisperse aerosol), which are then passed through a ther-
modenuder (TD) maintained at a certain temperature. Some volatile components volatilize and are removed from the flow
by desorption. The resulting particle size distribution after heating is analyzed using a second DMA coupled with a Con-
densation Particle Counter (CPC). The volatilized and remaining (refractory) aerosol fractions are usually expressed in terms
of number, mass or volume of particles.

Several TD designs have been developed and used in different instrument setups. Particle volatilization inside the thermo-
denuder has been shown to depend on several factors. Cappa (2010) and Riipinen, Pierce, Donahue, and Pandis (2010) argued that
evaporation kinetics models are essential to interpret thermodenuder measurements, suggesting that the equilibrium inside a TD
cannot be reached at any reasonable particle residence time for common laboratory or ambient aerosols. Saleh, Shihadeh, and
Khlystov (2011) concluded that equilibration kinetics in a TD are not affected by volatility, but instead by the aerosol particle size
and number concentration, evaporation coefficient, and vapour diffusivity. Karnezi, Riipinen, and Pandis (2014) pointed out the role
of vaporization enthalpy and potential mass transfer resistances as particles evaporate.

The inclusion of a desorption section aiming to reduce vapour re-condensation has been adopted in several TD designs (An et al.,
2007; Faulhaber et al., 2009; Fierz, Vernooij, & Burtscher, 2007; Huffman et al., 2009). Cappa (2010) also acknowledged the role of
this section in his kinetic model. Saleh et al. (2011) proposed guidelines for TD design without desorber, arguing that the re-
condensation is not significant in laboratory or ambient TD measurements.

Due to the complexity in describing particle behavior inside TDs, there is a need to further study their performance and the
influence of their design.

This work intends to characterize and compare two thermodenuder designs, using a VTDMA system developed to
perform volatility measurements of fine and UFP. To do so, we assess the performance of both TDs designs by employing
them within the VTDMA system using several laboratory-generated aerosols, as well as atmospheric aerosols. Both TDs
consist of a heater and a desorption section, however their geometry is rather distinct, affecting especially the particle
residence time in the heating tube and the temperature profile in the cooling section. The side by side comparison of the TDs
allows to experimentally evaluate influence of their design in the particle penetration efficiency and volatilization perfor-
mance, using similar aerosol. The influence of particle size is also considered.

The experimental results of this study provide an indication of how comparable volatility studies are, and how TDs
perform differently depending on the complexity of the aerosol studied.
2. Material and methods

2.1. Description of the VTDMA set-up

Fig. 1 shows a schematic layout of the entire VTDMA system used in this study. The system consist of a radioactive
aerosol neutralizer for applying a well-defined charge distribution to the particles, a first DMA (DMA-1) for selecting par-
ticles having electrical mobilities within a very narrow range, a thermodenuder for heating the monodisperse aerosol and a
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second DMA (DMA-2) coupled with a CPC for measuring the size distribution of the conditioned aerosol. Three-way valves
placed downstream the aerosol neutralizer allow bypassing DMA-1 for polydisperse aerosol analysis, or the entire con-
ditioning system, thereby operating the entire setup as a Scanning Mobility Particle Sizer (SMPS).

Both DMAs were operated at an aerosol flow of 0.3 L min�1, controlled by the CPC (TSI Model 3022A). The sheath flow was set
to 1.5 L min�1 in DMA-1 and 3 L min�1 in DMA-2, using custom-made glass critical orifices. The flows of the DMAs were calibrated
using a bubble flow meter (Gilibrator-2) and the inner rod voltage was verified with a multimeter before the measurements. The
performance of the system was checked using PSL spheres of four standard diameters (90, 173, 200 and 262 nm), confirming the
expected particle size accuracy within 3%.

The sheath flow systems are arranged in independent closed loops, incorporating filters (PALL Corporation, part number 12144),
a silica gel dryer (volume of 1 L), a diaphragm pump (Vacuubrand GmbH, model MD-1) and a buffer box for flow and temperature
stabilization. This setup provides robust, stable and accurate flows to the instrument (Jokinen and Mfikelfi, 1997; Taylor, 2007). The
closed loop arrangement allows also a longer operation time of the dryers, since the only entry point of the vapour in the system is
from the aerosol flow.

The system includes three operating channels: one bypass channel at ambient temperature and two channels with TD units. The
use of multiple TD units allows improved time resolution of the measurements. With a time resolution of one hour one can analyze
five particle sizes at two TD temperatures. However, the sampling program is fully customizable to adapt to the objectives of the
study, and the TDs may be operated in temperature stepping mode. The parameters describing the thermodenuders are very
important in the VTDMA system and are described in detail in Section 2.2.

2.2. Thermodenuders characterization

2.2.1. Thermodenuders design
The NanoTD is a thermodenuder designed for minimizing particle loss and recondensation of the evaporated vapors. The

details and a characterization of the NanoTD are provided by Fierz et al. (2007). In brief, the NanoTD has three independent
heaters, one for volatilization of the particles, and two located in the adsorption section. The heaters are set for stepwise
decreasing temperature, allowing gradual cooling of the flow and adsorption of volatile species in gas-phase to the walls.
The volatilization stainless steel tube is 10 cm long and and has a 0.8-cm inner diameter, while the adsorption unit is 20-cm
long. The NanoTD can operate at a maximum temperature of 235 °C continuously and 250 °C for short periods.

The custom-made thermodenuder (cTD), shown in Fig. 2, consists of a coiled copper tube (103 cm length, 0.45 cm inner
diameter and 0.6 cm outer diameter), heated by a heating tape and thermally insulated with glass wool (Nyeki, Coulson, &
Colbeck, 2005). The coil has 5.5 turns and a diameter of 6.0 cm, resulting in a total TD length of 121 cm. The adsorption unit
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is 15 cm long, and similarly to the NanoTD it consists of a steel mesh tube wrapped in Kynol textile (Kynol Europa GmbH,
product ACC-5092-20) and is enclosed in a copper tube with a diameter of 1.5 cm. In this case, the adsorption unit is not
heated and the aerosol flow cools down faster while passing through. The temperature is controlled using a thermostat and
a thermocouple placed in the center of the coil, achieving an operating temperature of up to 45072 °C. Applying tem-
peratures higher than 300 °C is likely to carbonise organic compounds inside the tube (Birmili et al., 2010; Poulain et al.,
2014), thereby affecting the estimation of the refractory fraction of the aerosol. As a result, 300 °C is considered the max-
imum operating temperature in this study. The cTD has the advantage of providing high particle residence times in a
compact design, adding the enhanced heat tranfer of coiled-tube flows.

The flow temperature and velocity profiles in the TDs were simulated using the non-isothermal laminar flow module of
COMSOL Multiphysics software (Version 5.0). The tube walls were set to constant temperature in the heated sections, while the
remaining tubes were simulated for heat exchange between the internal wall, the tube walls, and the external environment. The
convective heat flux to external environment was adjusted so that the simulated flow temperatures matched the measured
temperatures at the outlet. The simulation volume was extended by 10 cm before and after the TD to determine the temperature
profile of the aerosol at the inlet and outlet channels. Both TDs were simulated at an operating temperature of 250 °C and the
results are shown in Fig. 3. The NanoTD temperature profile is in agreement with a similar simulation performed by Fierz et al.
(2007). The temperature profile of the NanoTD tube wall in the three heating sections corresponds to the set temperatures in each
heater (i.e., 250/175/100 °C), which for reasons of simplicity were simulated as tubes at constant temperature. The transition
between heaters was not considered.

The tube center-line represents the position of the aerosol that will take longer to equalize its temperature with the tube wall.
The radial flow velocity was calculated by COMSOL, taking into account the temperature profiles averaged along the

heated section, in order to obtain a representative average flow speed. Fig. 4 shows the estimated residence time in the
heated section of each TD as a function of the applied temperature, at a flow rate of 0.3 L min�1 (1 atm, 25 °C). The NanoTD
has a residence time of 1.0 s at ambient temperature, which is reduced to 0.58 s (i.e., by 42%) at the maximum operating
temperature of 250 °C, whereas the cTD exhibits a reduction in residence time from 3.2 s at ambient temperature to 1.79 s
(i.e., by 44%) at 250 °C and 1.6 s (i.e., by 50%) at 300 °C.

The volatilization of particles in a thermodenuder is fundamentally determined by the kinetics of the evaporation
process (Cappa, 2010), and assuming that equilibrium between the particle and gas-phase is achieved within a few seconds
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may lead to underestimation of particles volatility (An et al., 2007; Riipinen et al., 2010). For this reason, and due to the
sensitivity to the residence time, different TD designs are likely to produce different volatilization rates for the same aerosol.

2.2.2. Theoretical particle penetration efficiency
In this section we resume the theoretical and semi-empirical equations that govern the particle losses inside a tube,

which we then use to compare with the experimental results in Section 3.1. The particles can be deposited along the system
by diffusion, sedimentation, thermophoresis and electrostatic forces. Since the aim in this study is to focus on particles with
mobility diameter (Dp) smaller than 200 nm, sedimentation losses are not considered. All the tubing in the system is
electrically conductive in order to minimize electrostatic losses, which were considered negligible. Particle penetration
efficiency in the TD units was determined both theoretically and experimentally. Taking diffusion losses into account, the
estimated particle penetration efficiency through a straight tube is given by (Hinds, 1999)

Pd ¼ 1�5:5u2=3þ3:77m for uo0:009 ð1Þ
where u is a dimensionless deposition parameter given by

u¼D L=Q ð2Þ
Here D (m2 s�1) is the diffusion coefficient of the particles, L (m) is the length of the tube and Q (m3 s�1) is the volumetric
flow rate through the tube.

In the case of a coiled tube, which enhances the formation of secondary flows, the particle penetration efficiency (Pd, coil)
can be estimated as (Yook and Pui, 2006):

Pd;coil ¼
1�2:5104ζ 1=3þ12:9919ζ 2=3�37:8238ζþ32:8761ζ4=3 for ζo0:01
0:5526e�3:657ζþ0:2250e�22:3ζþ0:0726e�57ζ for 0:01oζo0:2

(
ð3Þ

Here ζ is a non-dimensional parameter describing the particle deposition in coils assuming it is a by-product of secondary
flow and Brownian diffusion. This parameter is expressed as follows:

ζ¼ δ D t=a2 ð4Þ
with δ represents the boundary layer thickness of the secondary flow normalized by the inner tube radius a (m), and t (s) the
flow residence time inside the tube.

At ambient temperature, assuming an isothermal flow and aerosol particles in the UFP size range, we can consider that
particle deposition occurs mostly due to Brownian motion. Nonetheless, in a non-isothermal system with relatively cool
walls, thermophoresis causes aerosol particles to move towards and deposit on the walls (Housiadas and Drossinos, 2005;
Walsh et al., 2006).

A particle tracing simulation was made in COMSOL Multiphysics software, taking into account the Brownian, drag and
thermophoretic forces applied to the particles. Fig. 5 illustrates the direction of the thermophoretic force along the different
sections of the cTD, corresponding to conditions of heating, constant temperature and cooling, when operating the TD at
300 °C.

As observed in our simulation, in the TD heating section (cf. Fig. 5a), the thermophoretic force will favor the focusing of
the particles in the center of the tube, since the tube wall is hotter than the aerosol flow. Once the flow equals the tem-
perature of the tube wall (cf. Fig. 5b), the thermophoretic force ceases to exist. At the exit of the heating section (cf. Fig. 5c),
the tube walls cool down faster than the gas, creating a temperature differential that enhances particle deposition.

Several studies have provided semi-empirical and numerical models to predict the thermophoretic deposition efficiency (ηth)
inside a tube (Batchelor and Shen, 1985; Housiadas and Drossinos, 2005; Lin and Tsai, 2003; Romay, Takagaki, Pui, & Liu, 1998;
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Fig. 5. Simulated thermophoretic forces when particles (a) are heated, (b) reach the tube wall temperature and (c) cool down after leaving the heating
section. The color scale indicates the magnitude of the radial thermophoretic force, whereas the arrows on each particle indicate the direction and
magnitude of that force. The flow (Tflow) and tube wall (Twall) temperatures represent the average values for the domains shown in the figures. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Stratmann, Otto, & Fissan, 1994; Walker, Homsy, & Geyling, 1979). Lin and Tsai (2003) proposed the following semi-empirical
equation for laminar flow:

ηth ¼ 0:783 Pr Kth=θ
�� �0:94 for 0:007oPr Ko0:19 ð5Þ

and Housiadas and Drossinos (2005) an equation for laminar and turbulent flows based on 1D heat and mass transfer analysis:

ηth ¼ 1� θ�=1þθ�
� �PrKth ð6Þ

In these models Kth represents the thermophoretic coefficient and θn the temperature gradient between the wall and gas. In this
study, the thermophoretic coefficient was determined according to Talbot, Cheng, Schefer, and Willis (1980). The gas Prandtl
number Pr used in Eqs. 5 and 6 is given by

Pr¼ Cp m=k ð7Þ
where Cp represents the specific heat (J kg�1 K�1), m the dynamic viscosity (N s m�2) and k the thermal conductivity
(Wm�1 K�1).

Temperature profiles inside the TDs affect also the diffusion of particles, which should be accounted for determining both
the total particle losses required for predicting the penetration efficiency of heated TDs.

2.3. Experimental set-up

2.3.1. Particle generation methods
Aerosol penetration through the TDs was determined experimentally using sodium chloride (NaCl) particles. These

particles were produced by atomization (Topas atomizer, Model ATM 221) of a solution with concentration 0.4% (w/v), and
dried in a mixing chamber (volume of 100 L), where the aerosol flow (1 L min�1)was diluted with dry filtered air (RHo10%)
flow (10 L min�1). The solution used in the atomizer was prepared by mixing 0.4 g of NaCl (99.5% purity; MERCK MILIPORE)
in 100 ml of purified water (Milli-Q Academic; Millipore).

NaCl particles are non-volatile in the temperature range used in our system (i.e., up to 300 °C), so any particle losses
should be attributed to the particle deposition mechanisms described above. The particle size distribution of the aerosol was
measured upstream and downstream of each TD in order to determine the particle losses. To account for thermophoretic
losses, the size distribution measurements were repeated at different TD temperatures in the range 25–200 °C for the
NanoTD, and 25–300 °C for the cTD.

The performance of the TDs was evaluated using laboratory-generated ammonium sulphate particles. The particles were
produced from a solution with concentration 0.4% (w/v) by the same method used for the NaCl particles. The expected
behavior of ammonium sulphate aerosol particles when heated makes them suitable when evaluating VTDMA systems. The
solution used in the atomizer was prepared by mixing 0.4 g of (NH4)2SO4 (99% purity; CARLO ERBA REAGENTS) in 100 ml of
purified water (Mili-Q Academic: Millipore). Since it is also necessary to evaluate the ability of the system to differentiate
non-homogenous aerosol populations as well as core–shell particles from which we can remove their volatile fractions, we
also used Di-Ethyl-Hexyl-Sebacat or DEHS (C26H50O4, TOPAS GmbH), which is a long chain volatile compound with high
volatilization temperature, to produce volatile aerosol particles.

The use of NaCl particles coated with DEHS provides an internally mixed aerosol of core–shell particles with similar behavior to
aged atmospheric aerosols. Monodisperse aerosol particles having diameters of 50 and 100 nm were selected using a mobility
classifier (TSI, model 3080). The monodisperse NaCl particles were passed through an Erlenmeyer flask containing DEHS heated at
140 °C. The volatilized DEHS exits the Erlenmeyer flask together with NaCl particles, and condenses on their surface when cooled to
ambient temperature, creating coated particles. Fig. 6 illustrates the experimental set-up used for these measurements. The
VTDMA, in this particular case, was operated only as a Volatility DMA (VDMA), since DMA-1 was bypassed.

2.3.2. Ambient aerosol experiments
Tests using ambient aerosol particles were performed in order to evaluate and compare the performance of both TD designs in

the VTDMA. The tests took place at the “DEM” urban background Global Atmosphere Watch (GAW) Station located at NCSR
“DEMOKRITOS”, Athens, Greece. Monodisperse aerosol particles with mobility diameters of 30, 50, 80 and 150 nmwere selected by
DMA-1 and sequentially passed through the TD units and bypass channel, making a cycle of measurements lasting one hour. Both
TDs were kept at similar temperatures and at least 30 cycles of measurements were performed for each temperature. The operating
temperatures of the TDs ranged between 25 and 230 °C.

2.4. Data treatment methodology

Several approaches have been proposed to process TDMA raw data (Cubison, Coe, & Gysel, 2005; Gysel, Mcfiggans, & Coe,
2009; Stolzenburg & McMurry, 2008). In this study, since the focus is the intercomparison between TD units, a simple
approach was taken, similarly to several UFP volatility studies published (Kuhn, Biswas, Fine, et al., 2005; Kuhn, Biswas,
Sioutas, 2005; Kuhn, Krudysz, et al., 2005; Moore et al., 2007; Villani et al., 2007).

While DMA-1 was operated at a fixed voltage in order to produce a monodisperse aerosol flow, DMA-2 was operated in
scanning mode while the CPC counted the particles concentration for each size bin. When the aerosol passes through the
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bypass channel, the measured size distribution corresponds to that of the monodisperse aerosol that exits DMA-1. Similarly,
when passing the aerosol trough the TD units, the retrieved size distribution corresponds to the aerosol exiting the TD after
conditioning. In both cases the size distribution is corrected for particle losses occurring within the bypass or TD channels.
Alternated measurements of bypass and TD channels allow comparison of the aerosol size distribution before and after
conditioning. It is assumed that particles keep their charge throughout the system and the influence of multiply charged
particles is not considered.

The penetration efficiency η through the TDs, with respect to the bypass channel was calculated as

η¼ nTD Tð Þ= nb ð8Þ
where nTD(T) is the number of particles passing through the TD set at temperature T (°C), and measured by the CPC
downstream DMA-2, while nb is the measured particle concentration measured when bypassing the TD. Since η depends on
particle size, this calculation was repeated for several particle sizes, and the results were fitted with a power-law function
given by:

η¼ a Dpbþc ð9Þ
where Dp is the particle mobility diameter (nm), whereas a, b and c are factors that depend on the TD and the temperature
used. The results from these calculations are analyzed in Section 3.1.

Assuming n as the particle number concentration measured for each size bin within upper (u) and lower (l) boundaries,
the total number NT and volume VT concentrations, as well as the geometric mean diameter MG measured in the X channel
(i.e., TD or bypass) are given by

NT ;X ¼
Xu
l

n=η ð10Þ

VT ;X ¼
Xu
l

nπ Dp3=6η ð11Þ

MG;X ¼ exp
Xu
l

n ln Dp3 =ηNT ;X

" #
ð12Þ

The total number and volume measured in the bypass channel or any of the TDs set at ambient temperature should be
similar, resulting in remaining number and volume fractions close to one. The number (ΦN) and volume (ΦV) fractions
remaining after conditioning at TD temperature T and the shrink factor (SF), are generally used to express the aerosol
volatility, and are given by:

ΦN¼NT ;TD=NT ;bypass ð13Þ

ΦV ¼ VT ;TD=VT ;bypass ð14Þ

SF ¼MG;TD=MG;bypass ð15Þ

Particles shrinking to sizes lower than the detection limit of the instrument will result in the overestimation of the mean
size and adulterate the estimated shrink factors.

In order to evaluate the performance of the method described above in comparison with the improved fitting algorithm
"TDMAinv" (Gysel et al., 2009), a data set of 73 measurements was compared and the results are shown in Fig. 7. The data
refer to measurements using 50- and 150-nm laboratory-generated ammonium sulphate particles produced as described in
Section 3.2. The remaining volume fraction obtained with the method applied here is in good agreement with the results
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obtained from the TDMAinv method, with an average error of 3%, which is slightly more pronounced for low volume
fractions.
3. Results and discussion

3.1. Particle penetration efficiency

In this section we analyze the results obtained for the particle penetration efficiency in both TDs, exploring three major
points:

� The experimental determination of particle penetration efficiency through both TDs, at ambient temperature, and
comparison with semi-empirical estimations.

� Quantification of the thermophoretic particle deposition in both TDs.
� Verification of the agreement between the observed thermophoretic losses and theoretical predictions.

Fig. 8 shows the measured particle penetration efficiency through the NanoTD (a) and the cTD (b). The theoretical
estimation of diffusion losses is also plotted in comparison with experimental results. For the NanoTD this estimation was
based on Eq. (1), whereas for the cTD it was based on Eq. (3). Particle losses at 25 °C are considered exclusively diffusional.

Agreement between measurements and predictions at 25 °C is within 1% for the NanoTD in the entire size range
investigated in this study (i.e., 13–150 nm). For the cTD, the agreement is within 0.5% for particles smaller than 30 nm, but
increases up to 3% for larger particles. The particle penetration efficiency in the NanoTD, ranges between 82 and 99% at
y = 1.0386x-0.0347   
R² = 0.9936 
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25 °C, for the particle size range studied here. The cTD exhibits much lower penetration efficiency, ranging between 57 and
87% at 25 °C. This is attributed to the longer volatilization tube and coiled design that enhances the formation of
secondary flows.

The NanoTD does not show significant increase in particle losses even at temperatures as high as 200 °C, confirming the
results reported by Fierz et al. (2007). The gradual cooling minimizes the thermophoretic force thereby improving the
particle penetration efficiency through the TD. The larger tube diameter also allows particles to concentrate further away
from the tube walls in the heated section, allowing some radial movement in the cooling section before hitting the walls. On
the other hand, the experimental results shown in Fig. 8b indicate that on average particle penetration efficiency in the cTD
decreases by 8% at 300 °C. Since the diffusional losses estimated at 300 °C for this TD using Eq. (3) were found to be within
1% of those estimated at 25 °C, we attribute the penetration efficiency reduction to thermophoretic losses only. The results
shown here prove that thermophoretic forces can be greatly minimized by improving the TD unit design.

Moving to the third major point of this section, we explore how available numerical models can predict the thermo-
phoretic losses measured in cTD. The NanoTD was not subject to this scrutiny since no significant increase in particle losses
was observed when operating it at high temperatures.

The theoretical interpretation of thermophoretic deposition efficiency is not straightforward and requires knowledge of
the particle thermal conductivity and a full characterization of the three dimensional (3D) temperature profile inside the TD.
Using the flow temperature and velocity profiles simulated as described in Section 2.2.1, as well as the tube wall tem-
perature, we estimated the theoretical thermophoretic losses at 300 °C.

The temperature profile simulation has a maximum amplitude between the wall of the tube and its centreline of about
105 °C, located right after the heated section. With this temperature gradient, the thermophoretic deposition models given
by Eqs. (5) and (6) yield mean particle deposition efficiencies of 8.0 and 7.6%, respectively. The results are in good agreement
with experimental data, validating the assumption that particle penetration efficiency is reduced mainly by thermophoretic
forces.

Since estimating thermophoretic particle deposition requires a large number of input parameters which are often dif-
ficult to measure accurately, we consider that the experimental determination of penetration efficiency should be per-
formed when possible.

3.2. Volatilization performance of the thermodenuders

3.2.1. Laboratory tests
Fig. 9 shows the volume thermograms of ammonium sulphate aerosol particles obtained with both TDs. The ability to

volatilize ammonium sulphate particles was tested both with monodisperse and polydisperse aerosols. Monodisperse
particle sizes having diameters of 50 (cf. Fig. 9a) and 150 nm (cf. b) were used to assess the performance dependence on
particle size. The polydisperse aerosol was analyzed when bypassing DMA-1 (cf. Fig. 9c). The geometric mean diameter and
geometric standard deviation of the polydisperse size distribution were 48 nm and 1.91, respectively.

The results are expressed in remaining volume fraction (ΦV) and each point represents the average of at least 5 mea-
surements. The monodisperse aerosol volatilization temperatures were generally lower for smaller particles, with the 50-
nm particles volatilizing completely at approximately 180 °C, while that happens at 200 °C for the 150-nm particles. In the
case of polydisperse aerosols, the volatilization temperature was even higher, with almost full volatilization achieved at
around 230 °C. Some remnants were observed even at 300 °C, which can be explained by impurities in the solution that led
to the presence of other less volatile components in the resulting particles.

The obtained volatilization temperature of about 230 °C for polydisperse ammonium sulphate particles is within the
average range between 180 and 280 °C reported in the literature (Brooks, Smith, Hill, & O’Dowd, 2002; Burtscher et al.,
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2001; O’Dowd, Jennings, Smith, & Cooke, 1992; Philippin et al., 2004). Lower volatilization temperatures observed for
smaller particles (i.e., at 160 and 180 °C for 50- and 150-nm particles, respectively) have also been reported by Villani et al.
(2007), highlighting the dependence on particle size.

Comparing TD designs, the NanoTD exhibited significantly lower volatilization of particles in the steeper region of the
volatilization curve shown in Fig. 9. The difference in the volume fraction remaining between TDs reaches 20% in the data
shown in Fig. 9a and b. The data shown in Fig. 9c indicate a maximum difference of 8% between the two TDs. These
differences can be well explained by differences in the residence times in the heating sections of the two TD designs.

Fig. 10 shows the normalized size distributions of NaCl particles coated with DEHS, before and after heating. The curve
“NaCl only” refers to the size distribution of the monodisperse aerosol particles before entering the Erlenmeyer containing
DEHS. The size distribution of NaCl coated particles at 25 °C is that of the aerosol entering the VDMA system (cf. Fig. 6).

The measurements shown in Fig. 10a (obtained at 25 °C), suggest that coating was successfully accomplished, since most
NaCl particles grew substantially, exceeding the maximum observed size of 125 nm while the size distribution of the
resulting aerosol became significantly wide. The widespread size distribution of coated particles can be attributed to the vast
range of residence times of NaCl particles in the Erlenmeyer flask, resulting in a very broad distribution of condensate DEHS
onto the NaCl particles. When the temperature in the TD increased to 80 °C (cf. Fig. 10b) it was already possible to observe a
partial recovery of NaCl particles to their original size, whereas at 120 °C (cf. c) the original size distribution was completely
recovered, indicating that all DEHS was volatilized.

Similarly to the case with ammonium sulphate, the cTD evaporated a higher fraction of organic species from the coated
particles in comparison with the NanoTD at intermediate temperatures, probably due to the lower residence time in the
heating section of the later.

Fig. 11 shows the fraction of NaCl particles that were stripped from DEHS until the original size was recovered. Any NaCl
particles with final sizes that fall into the “NaCl-only” size distribution is considered as totally free of DEHS. To investigate
the influence of the initial particle size on the results, monodisperse NaCl particles having diameters of 50 and 100 nm
were used.
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It becomes clear that larger particles require higher temperatures to vaporize the volatile species. Larger particles have
higher enthalpy, requiring larger amount of energy to heat them to a certain temperature. Furthermore, 100-nm particles,
due to their higher surface area, have the ability to carry more DEHS, resulting in higher volatile fraction load into the
system, as well as the enhancement of the already higher enthalpy.

The performance differences between TD designs are mainly noticed when the volatilization rate, i.e., the ratio between
changes in aerosol fractions (ΔΦ) and the applied temperature (ΔT), is high. The volatilization rate was enhanced in the
temperature ranges 60–100 °C and 80–120 °C, for 50- and 100-nm particles, respectively. At the highest volatilization rates
we also observed a difference of about 21% in the performance between the two TDs, which is not dependent on particle
size. It must be noted here that the volatile fraction loads used in these experiments were generally beyond the loads found
in regular outdoor/indoor environments.

3.2.2. Ambient aerosol tests
While laboratory-generated aerosol particles have a known composition, the ambient aerosol is a complex mixture of

myriad of components, which makes their behavior difficult to predict.
Fig. 12 compares VTDMA measurements of urban background aerosol samples using the two TDs. ΦN remains nearly

constant for 80- and 150-nm particles, indicating that most particles partially consist of non-volatile species. The decreasing
ΦN for particles with Dpin of 30 and 50 nm may be caused by particle shrinkage to a size smaller than the detection limit
level (DLL) of DMA-2 and CPC, which in this specific experiment is 13 nm, or by the complete volatilization of the sampled
particles. The results shown in Fig. 13, corresponding to 50-nm particles, strongly suggest that particles smaller than the DLL
are the main cause of the sudden decrease in ΦN, since the mode of the measured distribution is clearly extended to sizes
that are not detectable by our system. Both TDs exhibited a similar trend in ΦN, but the cTD showed constantly lower
remaining number fraction. This difference is barely noticeable for 150-nm particles, which did not shrink to sizes smaller
than the DLL even at 230 °C. ΦV represents a sensitive variable for expressing particle shrinkage, and is therefore suitable for
comparing the performance of different TDs.

The NanoTD unit achieved similar volatilization rates with the cTD when the particle shrinkage rate was low. This
happened when temperature was too low to volatilize any compounds, or too high and the volatilization was completed.
However, at intermediate temperatures that lead to high volatilization rate, given by the slope of the ΦV(T) curve, the
NanoTD unit achieved lower particle volatilization, with a maximum difference of 12% in the remaining particles volume.
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Fig. 13. Number size distributions of 50-nm particles after heating at (a) 75 °C, (b) 180 °C and (c) 230 °C, and 150-nm particles after heating at (d) 75 °C, (e)
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This difference was rather stable among the particle sizes analyzed, ranging between 9 and 12%. However, the temperature
at which these maxima were achieved increased with particle size, being 150 °C for 30-nm and between 180 and 200 °C for
150-nm particles. This behavior can be the result of the higher enthalpy of the larger particles, or different chemical
compositions between particle sizes.

The volatilization rate was greatly reduced in the temperature range 200–230 °C, indicating that the particles studied here
approached their final volatilization stage. This result supports the idea that most ambient aerosol volatile species have eva-
porated at 300 °C, with only the refractory fraction remaining. Fig. 13 shows the average particle size distributions of 50- and
150-nm particles sampled from urban background aerosols, after conditioning at 75, 180 and 230 °C, matching the data shown in
Fig. 12b and d. Comparison between the distributions shown in these figures reflects the correlation between changes in ΦV and
ΦN with particle size.

The 30-nm particles shown a slight shift in size at 75 °C, while at 180 °C the size distribution was bimodal, with the more
volatile particles shrinking to sizes smaller than the DLL, yielding the particle number reduction shown by the data in Fig.
12b. At 230 °C, this effect was even more pronounced and the volatilization difference between TDs was negligible.

For 150-nm particles exposed at 75 °C, there was no change in particle size or number. At 180 °C both TDs yielded a
unimodal size distribution, shifted to smaller sizes, indicating partial particle volume loss. The size distribution resulting
from the cTD showed a wider mode with mean particle size about 10 nm smaller than that from the NanoTD, which
represents a 12% difference in ΦV. At 230 °C the differences between TDs were negligible. At this temperature, both TDs
yielded a similar bimodal size distribution, with one mode corresponding to fully non-volatile particles and the other mode
corresponding to partially volatile particles. The remaining unchanged number fraction indicates the presence of a solid
non-volatile core in all particles for the urban background aerosol samples studied here. This is observed in the mea-
surements using both TDs and clarifies the ability of the VTDMA system to separate particle populations according to their
volatility.
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4. Conclusions

In this paper we characterize and evaluate the overall performance of two thermodenuders (a NanoTD described by Fierz et
al. (2007), and a custom-made coiled TD) using VTDMA measurements. The NanoTD is a straight tube with shorter aerosol
residence time (1 s at 25 °C and 0.3 L min�1), providing low diffusional and thermophoretic loses. This makes the NanoTD
suitable for UFP analysis, even at low particle concentrations. The cTD is a longer coiled tube with a passively cooled adsorption
section. The cTD allows higher residence times (3.2 s at 25 °C and 0.3 L min�1) and operating temperatures in a compact design.
However, the design of this TD exhibits higher diffusional and thermophoretic particle losses. The overall losses in the cTD
increase on average by 8% at 300 °C, relative to those measured at ambient temperature. These results were successfully vali-
dated by two thermophoretic deposition models using fluid and heat transfer simulations to determine flow and temperature
profiles.

The maximum difference in remaining volume fraction of ammonium sulphate particles using the two TDs was 20% at
180 °C. When volatilizing core–shell NaCl particles coated with DEHS, the difference in the number of particles from which
DEHS was completely evaporated between the two TD designs exhibited a maximum of 21%, independently of the size of
NaCl particles. Nonetheless, the temperature at which this maximumwas achieved increased with particle size as a result of
the higher enthalpy of the larger particles. For ambient aerosols, the differences in the measured remaining particle volume
between the two TD designs had a maximum value of 9% for 30-nm particles at 150 °C and 12% for 150-nm particles at
200 °C. The difference between TDs is only noticeable at temperatures at which the volatilization rate is higher, and varies
depending on aerosol composition. The findings of our study suggest that direct comparison between volatility measure-
ments using different TDs must be carefully analyzed, and always accompanied by a detailed description of the TD and the
operating conditions used.
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