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Abstract: Vehicle regulations include limits for non-volatile particle number emissions with sizes
larger than 23 nm. The measurements are conducted with systems that remove the volatile particles
by means of dilution and heating. Recently, the option of measuring from 10 nm was included in the
Global Technical Regulation (GTR 15) as an additional option to the current >23 nm methodology.
In order to avoid artefacts, i.e., measuring volatile particles that have nucleated downstream of
the evaporation tube, a heated oxidation catalyst (i.e., catalytic stripper) is required. This review
summarizes the studies with laboratory aerosols that assessed the volatile removal efficiency of
evaporation tube and catalytic stripper-based systems using hydrocarbons, sulfuric acid, mixture
of them, and ammonium sulfate. Special emphasis was given to distinguish between artefacts that
happened in the 10–23 nm range or below. Furthermore, studies with vehicles’ aerosols that reported
artefacts were collected to estimate critical concentration levels of volatiles. Maximum expected levels
of volatiles for mopeds, motorcycles, light-duty and heavy-duty vehicles were also summarized.
Both laboratory and vehicle studies confirmed the superiority of catalytic strippers in avoiding
artefacts. Open issues that need attention are the sulfur storage capacity and the standardization of
technical requirements for catalytic strippers.

Keywords: vehicle emissions; particle measurement programme (PMP); portable emissions
measurement systems (PEMS); volatile removal efficiency; non-volatiles; solid particle number;
catalytic stripper; evaporation tube; artefact

1. Introduction

In order to reduce pollution from particulate matter (PM), limits for the PM mass emissions of
vehicles are applicable in most countries worldwide [1]. The engine and aftertreatment improvements
reduced the emitted PM levels close to the detection limit of the PM methodology [2]. In order to
further control the emissions of ultrafine particles, which do not contribute significantly to the PM
mass, the European Union (EU) regulations included limits for the non-volatile particle emissions of
light-duty, heavy-duty, and non-road mobile machinery since 2011–2013 [3,4].

The particle number methodology is based on sampling from a dilution tunnel where the whole
exhaust gas is mixed with ambient air dilution air. In order to measure only non-volatile particles,
the sample is pre-conditioned first in a hot diluter at 150 ◦C and then in an evaporation tube at
350 ◦C, the so called volatile particle remover [5,6]. After a secondary dilution at ambient temperature,
a particle number counter (PNC) counts all (non-volatile) particles above 23 nm. In reality the detection
efficiency of the PNC, typically a condensation particle counter (CPC), is around 50% at 23 nm, >90%
at 41 nm and 0% at 17 nm. The 23 nm cut-off size was selected in order to include the smallest
primary soot particles, and exclude the volatile nucleation mode particles that could survive the
pre-conditioning unit. The methodology was extended, but more simplified, to measure directly from
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the tailpipe during on-road tests with the real-driving emissions (RDE) regulation for both light-duty
and heavy-duty vehicles [7]. The portable emissions measurement systems (PEMS) set the volatile
particle remover at 300 ◦C, in order to reduce energy consumption. From the controlled laboratory
environment, the measurements can take place under any environmental and driving conditions, thus
the measurement equipment can be challenged. Indeed, the survival of volatile particles through the
thermal pre-conditioning unit or formation of volatile particles after the unit can lead to false high
concentrations of volatiles that will be counted as non-volatile particles. This was quite unlikely with
the 23 nm cut-off size of the PNC, but has happened in the sub-23 nm range [8,9], raising concerns as
to whether the methodology should be extended below 23 nm.

On the other hand, a major criticism of the particle number methodology is that it excludes
an important fraction of non-volatile particles below 23 nm that are emitted by many vehicle
technologies [10]. For example, sub-23 nm non-volatile particles have been reported for heavy-duty
vehicles [11], especially during urea injection [12], gasoline fueled vehicles [13], both port-fuel and
direct injection vehicles. Recently, concerns for CNG (compressed natural gas) fueled vehicles were
also raised [3,12]. Mopeds and motorcycles have also a high percentage of sub-23 nm particles.
For this reason, the intention is to extend the methodology to include particles from approximately
10 nm. The 10 nm size was selected in order to permit the upgrade of existing PN systems without
investment costs and to minimize the higher risk of surviving (or re-nucleating) volatile particles [14].
Furthermore, it will be suitable for the upgrade of the current 23 nm PEMS [15,16]. Developing a
methodology to count smaller than 10 nm particles would be extremely challenging due to the
uncertainties related to particle losses and calibration procedures.

A proposed methodology to eliminate the volatiles and make the methodology more robust
is the catalytic stripper [17]. The idea is based on catalytic converters of vehicles, which remove
hydrocarbons (in addition to CO and NOx). Typically, they utilize a ceramic honeycomb monolithic
substrate (support) with many small parallel channels. The monolith walls are coated with an active
catalyst layer [18]. The catalytic coating includes noble metal catalysts (such as Pt and Pd) impregnated
on a porous high surface area layer of inorganic carrier (support), the washcoat, such as alumina and
silica. The support material often contains additives such as promoters and stabilizers. Based on NOx

storage catalysts [19,20], the catalytic strippers include sometimes a sulfur trap to further improve their
removal efficiency of sulfuric acid containing aerosol. Catalytic strippers have been used not only in
the automotive field [21], but also in the aviation field [22], and for atmospheric measurements [23].

Thermodenuders can also remove volatiles species from the exhaust gas [24,25]. In the
thermodenuders, the sample is first heated in an evaporation tube, and then it passes through
an unheated section containing adsorbing material, most often activated carbon, which adsorbs most
of the evaporated components.

The objective of this study is to review the volatile removal efficiency and sulfur storage capacity
of catalytic strippers and their suitability for inclusion in the particle number systems. The review
results are compared with the current methodology that uses hot dilution and evaporation tube
and with thermodenuders used in research. In order to put the results into the right context, actual
volatile emission levels from vehicles are also summarized. Finally, recommendations for technical
requirements for catalytic strippers are proposed.

2. Materials and Methods

This review focused on studies that characterized catalytic strippers and evaporation tubes as
standalone systems or in volatile particle removers of particle number systems (i.e., downstream
of a hot dilution at temperature >150 ◦C). We searched in Google Scholar with keywords “catalytic
stripper”, “evaporation tube + particles” and “volatile removal efficiency”. The search resulted in 533,
900 and 73 documents, respectively. From the abstracts it was decided whether the documents were
relevant or not. The only acceptance criterion was the inclusion in the text of volatile removal efficiency
with laboratory aerosols or vehicles’ exhaust. Studies that used evaporation tubes or catalytic strippers
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for measurements of vehicle exhaust were excluded, unless there was discussion of possible artefacts,
or comparisons between catalytic strippers and evaporation tubes on the removal of volatile particles.
In total, 29 studies were selected, 18 used a laboratory aerosol, and 14 a vehicle’s aerosol (3 were in
common). Table 1 summarizes the studies included.

Table 1. Number of studies assessing evaporation tubes (ET), catalytic strippers (CS), or thermodenuders
(TD). The laboratory studies were conducted with hydrocarbons (HCs) and/or sulfuric acid (H2SO4).
In brackets the studies using CS with sulfur trap.

System Laboratory HCs Laboratory H2SO4 Vehicles’ Aerosol

ET 13 6 14
CS 15 (9) 7 (5) 8 (7)

CS vs. ET or TD 10 (6) 6 (4) 8 (7)

We used the same search engine for sulfur storage capacity of catalysts and SO2 to SO3 conversion
rates. Keywords such as “sulfur trap”, sulfur storage catalyst”, “sulfur absorber”, “sulfur poisoning”
were used. Only key studies were used because the objective was to put the catalytic stripper assessment
results into perspective (i.e., compare with automotive catalytic converters).

We also reviewed emission levels of volatile and semi-volatile components at the tailpipe of the
vehicles or at the dilution tunnel. The focus was on two-stroke mopeds, motorcycles, gasoline and
diesel light-duty and heavy-duty vehicles mainly of recent technologies. Special attention was paid
to emission levels during the cold start of the engines, filter regenerations, or prolonged highway
operation, where high levels of volatiles are expected. The search was narrowed to hydrocarbons, SO2,
SO3 and H2SO4, which were the species that were used for the evaluation of the catalytic strippers and
evaporation tubes. The research was not extensive, as the target was to find typical maximum levels
that the particle number systems can be challenged.

3. Results

The particle number systems measure non-volatile particles >23 nm. Note that “solids” or
“non-volatile” particles are by definition the particles that remain after thermal pre-treatment at 350 ◦C
for a residence time of approximately 0.2–0.4 s. The term “volatiles” in this text covers all species that
are in gaseous state at temperatures below 350 ◦C. More appropriate terms such as semi-volatile or
intermediate volatility compounds will not be used [26].

3.1. Volatile Particle Remover

The particle number systems consist of a volatile particle remover (VPR) and a particle number
counter (PNC). Figure 1 presents a volatile particle remover with an evaporation tube (upper panel) or
a catalytic stripper (lower panel).

3.1.1. Evaporation Tube-Based Systems

The exhaust gas at the dilution tunnel is already diluted and cooled down to ambient temperature
levels (usually between 20 ◦C and 50 ◦C). The diluted aerosol typically consists of soot particles with
some species condensed on them, volatile nucleation mode particles, and volatile species in the gas
phase. The volatile particles contain high percentages of compounds such as organics and sulfuric
acid [27]. The soot particles are aggregates consisting of primary soot particles having diameters
between 20 nm and 30 nm [28]. The geometric mean diameter of the soot mode is around 50–70 nm [2],
but for modern gasoline engines, means of around 30 nm have also been reported [4]. The nucleation
mode size-range is usually below 20 nm.
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Figure 1. Schematic of volatile particle removers based on evaporation tube (upper panel) and catalytic
stripper (lower panel). PNC = particle number counter.

In the primary hot diluter (≥150 ◦C) some of the condensed material evaporates and the nucleation
mode particles evaporate and shrink. Furthermore, the concentration (and partial pressure) of the
volatiles species decreases. In the evaporation tube (350 ◦C) most of the volatile particles and the
condensed material evaporate. The cold diluter downstream of the evaporation tube further dilutes
the sample to bring the temperature and the soot concentration to an appropriate range for the PNC.
During this process it is possible to have re-condensation on the soot particles and/or re-nucleation of
volatile species (i.e., formation of new volatile particles) especially if the dilution ratio is not sufficiently
high. The nucleated particles due to the low concentrations of available species are unlikely to grow
over 23 nm in diameter, and thus they will not be counted by the PNC, which has detection efficiency
of 50% for particles of 23 nm diameter. The particles nucleated downstream of the evaporation tube
and counted with a PNC are called volatile artefacts [14]. The next sections will summarize the studies
that evaluated the concentration levels of volatile species that artefacts can be avoided.

3.1.2. Catalytic Stripper-Based Systems

When a catalytic stripper is used, instead (or in addition to) an evaporation tube, the volatile
species in the gas phase are oxidized (Figure 1, lower panel). Then, during dilution and cooling at the
secondary diluter the concentrations of nucleating species is too low to form volatile particles and,
thus, the possibility for artefacts is minimized.

There are three types of catalytic strippers. Those that comprise:

• Only oxidation catalyst;
• Sulfur trap and oxidation catalyst (in this order);
• Oxidation catalyst and sulfur trap.

The first catalytic stripper for automotive use was mentioned in 1995 [17]. It was constructed from
a commercial diesel oxidation catalyst (DOC) and operated at 300 ◦C. A cooling coil tube downstream
of the catalytic stripper reduced the sample temperature to ambient levels. Optimization work in terms
of particle losses and volatile removal efficiency was presented in 2007 [29]. In particular, a vortex



Vehicles 2020, 2 346

tube diluter downstream of the catalytic stripper minimized thermophoretic losses. Later the catalytic
stripper was installed in a particle number system compliant with the European regulations replacing
the evaporation tube [30].

A catalytic stripper with an upstream sulfur trap was presented in 2003 [31]. The sulfur trap
prevented poisoning of the oxidation catalyst by trapping the sulfur species and minimized artefacts
from the nucleation of SO3. This concept was compared to a thermodenuder in 2010 [32]. Later the
position of the sulfur trap was assessed at a different catalytic stripper and it was found to have higher
sulfur storage capacity when placed downstream [33]. The majority of the catalytic strippers in the
market for research or regulation purposes consist either only of an oxidation catalyst or oxidation
catalyst with a sulfur trap downstream.

3.2. Hydrocarbons

Figure 2 summarizes the volatile removal efficiency of studies that used hydrocarbons (tetracosane
C24, octacosane C28, tetracontane C40 and emery oil) for evaporation tube [5,30,32,34–43] and catalytic
stripper-based [30,32–41,44–47] systems. Each point is a test. The mass concentration of the challenge
aerosol can be seen in the y-axis. The x-axis is divided in four areas which indicate whether no or some
particles remained (or nucleated) downstream of the system under evaluation.

Figure 2. Volatile removal evaluation with hydrocarbons depending on whether none or some particles
remained (or re-nucleated) <10 nm, between 10 and 23 nm, and >23 nm. Open circles: evaporation
tubes (ET); asterisks: thermodenuders (TD); solid circles: hot dilution and evaporation tubes (HD + ET);
open squares: catalytic strippers (CS); solid squares: hot dilution and catalytic strippers (HD + CS).
“S” indicates CS with sulfur trap.

• No particles remained downstream of the system under evaluation (blue color). Note that typically
the lower detection size of these studies was around 3–6 nm.

• Particles with sizes lower than 10 nm were detected downstream of the system under evaluation
(orange color). These cases are of low risk for the future >10 nm regulation but could have artefacts
with low cut-off counters.

• Particles in the size region 10–23 nm remained (green color). These cases are risky for the future
>10 nm regulation and indicate hydrocarbons mass levels that could lead to “volatile” artefacts.

• Particles larger than 23 nm were detected (red color). These cases would affect also the results of
the current >23 nm regulation.
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In each area the results are separately plotted for:

• Standalone evaporation tubes (ET) (open circles).
• Thermodenuders (TD) (asterisks).
• Hot dilution (typically 10:1) plus evaporation tubes (HD + ET) (solid circles).
• Standalone catalytic strippers (CS) (open squares).
• Hot dilution plus catalytic strippers (HD + CS) (solid squares).

For better clarity the evaporation tube (stand alone or downstream of a hot dilution) and
thermodenuder tests are enclosed in dashed squares. Only the tests with the maximum reported
concentrations in each study are plotted.

The hot dilution plus evaporation tube (HD + ET) results resulted in artefacts >23 nm
when challenged with 15 mg/m3 [34], while levels 2–12 mg/m3 had artefacts in the 10–23 nm
range [36,39]. Artefacts <10 nm were detected with masses in a wide range of 0.01 mg/m3 to
8.5 mg/m3 [5,30,32,36,37,39–41]. On the other hand, no artefacts were seen with masses up to 1.5 mg/m3

for the combination of hot dilution and evaporation tube [43], confirming that the results might be
system dependent. Standalone evaporation tubes (ET) could have artefacts <10 nm already at low
levels (0.25 mg/m3) [5].

The catalytic stripper systems had no artefacts above 10 nm, with one exception which was
probably solid residuals from impurities in the atomized material [45,48]. Masses up to 2 mg/m3

resulted in some particles remaining <10 nm for some standalone catalytic strippers [36,40,41,44].
For other standalone or with hot-dilution catalytic stripper systems, masses up to 8–15 mg/m3 had no
particles remaining [34,36,39]. There was no difference between CS with or without sulfur trap, as both
can remove hydrocarbon masses >10 mg/m3 without any remaining particles.

3.3. H2SO4

Figure 3 summarizes the results for H2SO4 and H2SO4 with hydrocarbons (C24 or
C28) for evaporation tube-based [32,35,38–41] and catalytic stripper-based [32,35,38–41,44]
systems. Particles >23 nm remained only with thermodenuder (3.8 mg/m3) [32] or evaporation
tube after hot dilution (0.3 mg/m3) [39]. When the concentration was 1 mg/m3, some particles in
the 10–23 nm range remained for the thermodenuder, and evaporation tube after hot dilution [40].
With mixture of H2SO4 with hydrocarbons, the evaporation tube had artefacts in the 10–23 nm range
even at 0.1 mg/m3 [41]. Particles <10 nm remained even at very low masses (<0.2 mg/m3 of H2SO4 or
H2SO4 and HCs) for the thermodenuder and the evaporation tube after hot dilution, although in one
case, the evaporation tube with hot dilution could handle 2.5 mg/m3 with artefact <10 nm [38]. Only the
catalytic stripper could completely remove sulfuric acid aerosol without any particle remaining at
concentrations ranging from 0.1 mg/m3 [35,39,41] to 1 mg/m3 [38] or even 9.3 mg/m3 [44]. At the
>10 mg/m3 range only one standalone catalytic stripper with a sulfur trap downstream of the oxidation
catalyst was evaluated [44]. Although it could remove up to 9.3 mg/m3 H2SO4 without any particles
remaining, at 16 mg/m3 some particles remained below 10 nm, and at 28 mg/m3 particles remained at
the 10–23 nm range. Only one study compared a catalytic stripper with and without a sulfur trap [40].
The version with sulfur trap could handle up to 1 mg/m3 without significant artefacts while without the
trap remaining particles were detected already on H2SO4 concentrations above 0.07 mg/m3. In general,
catalytic strippers with a sulfur trap could handle higher H2SO4 containing aerosol.
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Figure 3. Volatile removal evaluation with sulfuric acid aerosol or sulfuric acid and hydrocarbons
(symbols with background) depending on whether none or some particles remained (or re-nucleated)
<10 nm, between 10 and 23 nm, and >23 nm. Open circles: evaporation tubes (ET); asterisks:
thermodenuders (TD); solid circles: hot dilution and evaporation tubes (HD + ET); open squares:
catalytic strippers (CS); solid squares: hot dilution and catalytic strippers (HD + CS). “S” indicates CS
with sulfur trap.

3.4. Ammonium Sulfate

A catalytic stripper based on a commercial vehicle aftertreatment DOC, used downstream of a
hot dilution, could evaporate and shrink ammonium sulfate particles, but a residual with a mean
between 10 nm and 20 nm remained due to the atomization method [29]. In another study, a CS
downstream of a hot diluter started to show some breakthrough only at inlet concentration of around
1 × 107 p/cm3 (8.5 mg/m3) [39]. The hot diluter and evaporation tube combination had breakthrough at
a one order of magnitude lower concentrations. A later study confirmed the findings and showed that
the breakthrough particles had a size <23 nm [38].

3.5. Vehicles’ Exhaust

Figure 4, which is organized in the same way as the previous figures, summarizes the results with
vehicles’ exhaust for evaporation tube [3,8,33,34,41,49–57] and catalytic stripper [3,8,33,34,41,50,52,57]
systems. The volatile mass concentrations refer to the inlet of the systems, which were sampling
from the full dilution tunnel. They were estimated from the nucleation mode size distributions.
The horizontal lines indicate the levels of volatiles of the different tested categories: mopeds >10 mg/m3,
diesel with DPF but without diesel oxidation catalyst (DOC) 6 mg/m3, and all the rest (GDI, DPF
regenerations and heavy duty diesel vehicles) <1 mg/m3. The chemical composition of the volatiles is
unknown (i.e., was not measured in any of the studies).

The hot dilution and evaporation tube had cases with remaining particles even at low levels:
with 0.05 mg/m3 there were particles <10 nm [41], while with mass 0.5 mg/m3 or higher particles
10–23 nm remained (in one case also particles >23 nm) [49]. However, there was a case in which the
hot dilution and evaporation tube could handle 15 mg/m3 without artefacts (primary hot dilution
25:1) [34]. The catalytic stripper (standalone or downstream of a hot dilution) did not have cases where
particles >10 nm remained. There were cases that particles <10 nm remained at mass concentrations
0.65 mg/m3 [52] or 6.1 mg/m3 [33] (as standalone) or 30–50 mg/m3 downstream of a hot dilution [8,34].
There were many experiments with CS that no particles remained with concentrations even >10 mg/m3.
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Figure 4. Volatile removal evaluation with vehicles’ exhaust depending on whether none or some
particles remained (or re-nucleated) <10 nm, between 10 and 23 nm, and >23 nm. Solid circles: hot
dilution and evaporation tubes (HD + ET); open squares: catalytic strippers (CS); solid squares: hot
dilution and catalytic strippers (HD + CS). “S” indicates CS with sulfur trap. DOC = diesel oxidation
catalyst; DPF = diesel particulate filter; GDI = gasoline direct injection; HDV = heavy-duty vehicle.

4. Discussion

This review summarized the studies that evaluated evaporation tubes and catalytic strippers
with laboratory or vehicles’ exhaust aerosol. The implications of the results will be discussed in the
following sections.

4.1. Evaporation Tube

The concept that was introduced in the particle number regulations is very efficient, as summarized
in the literature [14]. The hot dilution with the evaporation tube in combination with a counter that
measures particles >23 nm is a reliable methodology as artefacts have rarely been reported.

The temperature of the evaporation tube and the residence time is appropriate for the evaporation
of volatile particles. The theory estimates necessary time around 10–16 ms for typical commercial
systems [5,44], which is much less than the 200–400 ms residence time in the systems, although the
available time at the critical temperature region (>250 ◦C) is shorter. The upstream dilution at 150 ◦C
pre-heats the sample and ensures that the desired temperature will be reached in the evaporation
tube. Most importantly, it dilutes the sample and reduces the partial pressures, thus minimizing the
possibility of nucleation downstream of the evaporation tube. Nevertheless, nucleation has been
reported many times with both laboratory and vehicles’ exhaust aerosol. Theoretically, the nucleation of
hydrocarbons is unlikely because very high concentrations are required (>3 mg/m3 [5]). However, the
experimental data with laboratory hydrocarbon aerosols showed that standalone evaporation tubes
could not handle 0.25 mg/m3. Evaporation tubes, even with a hot dilution upstream (dilution 10:1),
could not handle 8.5 mg/m3 (0.85 mg/m3 at the inlet of the evaporation tube) as particles <10 nm
remained (or nucleated). The case where particles >23 nm remained was atomized emery oil (15 mg/m3)
with hot dilution 25:1. In this case it is possible that there were impurities and the evaporated emery
oil condensed on the solid residuals downstream of the evaporation tube growing them to the over 23
nm range [48].

When sulfuric acid is available, formation of nucleation particles is very probable. Theoretical
calculation and experimental results have shown nucleation possibility even at 0.3 µg/m3 levels [5].
Small amounts of ammonia (<20 ppb) may significantly enhance the binary nucleation rate of sulfuric
acid and water [58–60], for example at vehicles with SCR (selective catalytic reduction for NOx)
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systems or gasoline vehicles with three-way catalysts (TWC) [61]. Experimentally, nucleation particles
downstream of a VPR with evaporation tube were measured from a heavy-duty vehicle equipped with
SCR [62]. However, the size of the H2SO4 nuclei (critical clusters) is approximately 1–1.5 nm and high
concentrations of H2SO4 are needed to grow them to 3 nm in diameter [63,64]. Interestingly, laboratory
experiments with sulfuric acid (and humidity) have reported size distributions peaking at 18 nm [65]
or even >200 nm [44]. Similarly, experiments with SO2 (converted to SO3) gave nucleation modes
peaking at 16 nm (1.8 ppm SO2) [66], 45 nm (61.4 ppm SO2) [66], or even >70 nm (200 ppm) [33].

Nuclei typically grow to bigger than 3 nm sizes with organics [67], even at low concentrations as
experiments with heavy-duty engine have shown [68]. The fuel sulfur was 1 ppm, and the (effective)
contribution of the lubricant was 2–9 ppm (estimated sulfuric acid concentration 1.5–5.8 × 1012 cm−3)
and the final mean size was <10 nm [69]. The nucleation mode peaked at 15 nm when the sulfur (fuel
plus effective lubricant) was approximately 50 ppm (sulfuric acid 3.3 × 1013 cm−3). Growth rates of
6–24 nm/s were measured for a heavy-duty engine with 8 mg/m3 organics emissions [70]. Another study
found a nucleation mode of 6 nm when organics were available with concentration 1011 cm−3 [71].
With appropriate residence time (1 s), in the presence of a high amount of organics (1014 cm−3) the
nucleation mode peaked at 20 nm [72]. Approximately 1 ppm of propane corresponds to 1 × 1012 cm−3

organics [73]. This is calculated using the appropriate molecular mass and an assumed 10–30% fraction
of total organics potentially condensing on the particulates phase [73]. Thus, it can be assumed that
with hydrocarbon concentrations >100 ppm at the outlet of the evaporation tube the nucleated sulfuric
acid particles can grow to sizes of 20 nm.

The laboratory tests with sulfuric acid (and hydrocarbons in some cases) confirmed the previous
studies. In all cases with the evaporation tubes there was re-nucleation. Mass of 0.9 mg/m3 or lower
resulted in nucleation mode particles >10 nm even with a hot dilution of 10:1. However, for the
majority of the cases, with high dilution ratios (>100:1 primary hot dilution) there are no reported
cases of re-nucleation [74] except with 2-stroke mopeds. Studies comparing evaporation tubes with
catalytic strippers gave equivalent results (within 10%) for both 23 nm and 10 nm systems [39,75,76].
Higher differences of the 10 nm systems were attributed to the different cut-off curves of the counters.

4.2. Catalytic Stripper

The studies with catalytic strippers proved that much higher concentrations can be handled for
both hydrocarbons and/or sulfuric acid aerosols than with evaporation tubes. For example, no artefacts
were seen when catalytic strippers were challenged with hydrocarbons. In a few cases without hot
pre-diluter particles <10 nm remained. Similarly, most concentrations of sulfuric acid were efficiently
removed. Only in a few cases standalone systems had particles remaining <10 nm. The results with
vehicle exhaust were similar to the laboratory aerosols. The standalone catalytic stripper had in some
cases particles remaining <10 nm, while the evaporation tube systems often had particles remaining
>10 nm at various challenge mass levels.

The conclusion based on the current experimental results is to use a catalytic stripper when
measurements of particles >10 nm are conducted. For lower sizes, the catalytic stripper is necessary,
but not artefact-free, and a hot pre-diluter is recommended. For lower than 10 nm measurements, the
high particle losses of the catalytic stripper have also to be considered.

4.2.1. Oxidation and Sulfur Trap Parts

Figure 5a plots separately examples of the two parts of a catalytic stripper: the oxidation part and
the sulfur storage part. In actual catalytic strippers the two parts are continuous. At some catalytic
strippers the sulfur trap is upstream of the oxidation part, in some downstream, and in some others
it does not exist. As discussed before (Figure 1), the oxidation part evaporates nucleation mode
particles and oxidizes the volatile particles (actually the particles should be evaporated earlier in an
evaporation tube in order to have more efficient oxidation in the gaseous phase). The condensed
material on the soot particles is also evaporated and oxidized. In this oxidation part the SO2 and SO3
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are considered to remain unaffected; especially catalytic strippers without a sulfur trap rely on this
assumption. The actual SO2 to SO3 conversion, however, depends on the catalyst formulation as will
be discussed in Section 4.2.2. Modern engines equipped with oxidation converters and depending
on the fuel and lubricant sulfur content, can have relatively high SO3 concentrations and this could
result in nucleation of sulfuric acid at the exit of the catalytic stripper. The sulfur trap retains sulfur,
minimizing this possibility.

At low temperatures (<350 ◦C) sulfur is stored through adsorption or condensation (physically
bounded sulfate), while, at higher temperatures (>400 ◦C) sulfur is stored as chemically bound metal
sulfate [77]. Adhesion of sulfate in mist form on the catalyst is also possible at low temperatures.
Under oxygen deficient conditions H2S is formed, which is poisonous for metal surfaces.

Sulfur traps may include an oxidation catalyst, e.g., platinum, to facilitate the SO2 to SO3 reaction.
Typical sulfur storage systems are based on alkaline earth or alkali metal oxides and their mixtures
on alumina washcoat. Other materials such as zinc, nickel, chromium, and copper are used either as
stand-alone scavengers or as promoters, to modify trap performance, strengthen desired reactions, and
influence the adsorption/desorption temperatures.

4.2.2. SO2 to SO3 Conversion

Figure 5b summarizes SO2 to SO3 conversion efficiencies from the literature of commonly used
oxidation catalysts (based also on the review in [78]). The space velocity was around 35,000–50,000 h−1.
Higher space velocities result in lower conversions [79,80]. Conversion rates for other catalyst materials
can be found in the literature (e.g., [81,82]). The extent of the conversion depends mainly on the
exhaust gas temperature, the type of noble metal used and the loading, and composition of the
washcoat. The SO2 to SO3 conversion starts to increase at around 200 ◦C, reaches a maximum at 450 ◦C
as the reaction kinetics accelerate and then gradually decreases due to thermodynamic equilibrium
limitations. The three studies with catalytic strippers are in agreement with the published data and
vary from 0% to 37.5% at 275 ◦C to 300 ◦C actual aerosol temperature [30,33,36]. The need for a low or
high SO2 to SO3 conversion depends on the concept of the catalytic stripper (only oxidation part or
with sulfur trap).

Figure 5. Catalytic stripper: (a) the two parts of a catalytic stripper: oxidation catalyst and sulfur trap.
Products of reactions such as CO2 and H2O are not plotted; (b) SO2 to SO3 conversion for various
noble metals and combinations. Pt [79,83–86], Pt/Pd [87], Pt/Rh [87], Pt/V [84], Pd [84,87]. Asterisks are
experimental data with catalytic strippers [30,33,36].

4.2.3. Storage Capacity

The SOx (SO2 and/or SO3) retention capacity is typically expressed in milligrams of SOx captured
per gram of sorbent. A review of the literature of sorbent systems for the removal of the SOx from
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flue gases reported values from a few mg to hundreds of mg per gram of sorbent [88]. In vehicle
applications, the catalyst capacity in sulfate storage depends on the noble metal and the washcoat
composition. Studies with diesel oxidation catalysts (DOCs) with 1% Pt on alumina found 16–50 mg
sulfates per gram of washcoat (1.6–5%) at 350 ◦C [80,89,90], but 0% for SiC washcoat [89]. A Pd on
alumina adsorbed up to 7% SO2 at 320 ◦C [91]. At temperatures higher than 400 ◦C, percentages of
up to 4% have been reported for Pt, Pt/Pd, or Pt/V catalysts [84,92–94]. Dedicated studies with sulfur
traps have reported SO2 capacity of 40–70% at temperatures 300–400 ◦C [95,96].

Materials are generally post-characterized for total sulfur content. However, a substantial
concentration of SO3 can be present in the flue gas well before the total capacity is reached [81].
This means that the total capacity of an absorber or adsorber is a poor indication of actual performance
during operation. Therefore, the performance of catalytic strippers is characterized in real time.

Figure 6 plots a hypothetical sulfur storage test based on published similar
studies [20,33,36,83,97–103]. At time t0, SO2 in O2 and N2 is inserted in the catalytic stripper.
The SO2 level is typically between 20 and 150 ppm (100% in the figure) in order to have adequate
measurement accuracy with the SO2 analyzer. Initially, the measured SO2 outlet concentration is zero
because the SO2 is stored in the trap (either as SO2 or metal sulfate after conversion to SO3). At some
point (tb) breakthrough of SO2 will start. From this point, the trapping efficiency is not 100%. SO3 will
also start to appear at the outlet of the catalytic stripper. For simplification, in this figure, it is assumed
that SO3 appears at the same time with the SO2, but this is not necessarily true. This SO3 poses a risk
for particles formation. Figure 6b gives an example of a particle size distribution measured at the outlet
of the catalytic stripper during the breakthrough period (t2). Note that during the initial storage phase
no particles were emitted (t1). At point (teq) the sulfur storage capacity will be saturated and the SO2

and SO3 outlet concentrations will be stabilized. From teq the sulfur trap is behaving like an oxidation
catalyst and produces SO3 with high probability for particle formation (Figure 6b, size distribution t3).
The exact time of appearance and the magnitude of the size distributions depend on many parameters
such as SO2 levels, SO2 to SO3 conversion rate, humidity, and availability of hydrocarbons [33,66].
The transition from tb to teq was plotted as a linear function for simplicity reasons; however, in reality
it is sigmoidal-like curve.

Figure 6. Hypothetical sulfur storage test with SO2: (a) SOx concentrations over time; (b) particle size
distributions during the sulfur storage test.

The “total storage capacity” area is C1 + C2 + C3. Note that usually there are no SO3 measurements,
so the determination of C3 is not possible and not reported. Note also that even if the SO3 breakthrough
starts after the SO2 breakthrough, the definitions of the areas remain the same, because if there is
already SO3 in the aerosol, it might not be completely stored in the sulfur trap already at time tb.
The important area, however, is C1, which is called “complete storage capacity”. The determination of
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the breakthrough point (tb) is typically set to 1% SO2 to cover the uncertainty of the SO2 measurement,
but 0% has also been used for catalytic strippers.

The sulfur mass Cm [mg/s] passing through the catalyst is:

Cm = 10−6
× Cv × ρSO2 × (Q/60) × (MS/MSO2) × 103, (1)

where Cv is the SO2 passing through the catalyst [ppmv], ρSO2 is the density of SO2 at 0 ◦C [2.86 g/L],
Q is the catalytic stripper flow rate at 0 ◦C [L/min], MS is the molecular mass of sulfur [32 g/mol], MSO2 is
the molecular weight of sulfur dioxide [64 g/mol]. The sulfur capacity C [mg S] can be estimated by
integrating Cm for the appropriate time and assuming a retention efficiency R. Typically, the “complete”
capacity should be reported (C1 in Figure 6a), where the retention efficiency R is 100% (integration
until tb). After tb the retention efficiency can be estimated from the surface area of the graph.

C = Σ0−t (Ri × Cm). (2)

The composition and the amount of the washcoat of catalytic strippers is not disclosed, so “total”
captured sulfur mass is reported (or mass/L of catalyst). Values of approximately 6–23 mg or 0.7–1 g/L
have been reported [33,36], with re-nucleation artefacts beginning already at 20–40% of the capacity.
It can be assumed that research in this area can further increase the storage capacity. For example,
a sulfur trap stored almost up to 15 g/L with no evidence of poisoning of a NOx catalyst downstream
of the sulfur trap [104].

Based on Equations (1) and (2), the time until saturation t [h] of a catalytic stripper with sulfur
trap can be estimated based on the following equation:

t = 11.7 × C/Q/E, (3)

where E are the expected SOx emissions [ppmv SOx]. Assuming 2.5 mg effective (complete) sulfur
capacity (C1 in Figure 6a) and 1 L/min flowrate, for 0.5 ppm SOx emissions, the time until saturation
would be 58 h. Considering the dilution at the dilution tunnel and at the pre-diluter, this time would
increase approximately 100 times. Similarly, a system at the tailpipe would also use a high dilution of
at least 100:1. It should be highlighted that a catalytic stripper used directly at the tailpipe needs some
dilution in order to ensure that enough oxygen will be available for oxidation at rich or stoichiometric
modes of engine operation.

4.2.4. Position of Sulfur Trap

The first CS with sulfur trap had the trap upstream of the oxidation catalyst in order to protect
the oxidation catalyst from poisoning [31,105], because the sulfates formed inhibit reactants from
adsorbing on the active sites [77,106]. Tests showed that the total sulfur capacity was 60% lower
compared to the configuration where the sulfur trap was downstream [33]. It was assumed that,
the sulfur was primarily stored as SO2, because no SO3 was available upstream of the sulfur trap.
Further tests showed that poisoning of the oxidation catalyst (saturated with sulfur) did not affect the
volatile removal [36]. Nevertheless, the light-off temperatures were lower when the sulfur trap was
upstream [33]. As the catalytic stripper is used at a constant high temperature (350 ◦C), the light-off

temperature is not of concern. For these reasons, the downstream position is the preferred one in
commercial systems.

4.3. Open Issues

The superiority of the catalytic stripper compared to the evaporation tube for sub-23 nm
measurements was shown experimentally in many studies. The addition of a sulfur trap in many
cases gave an advantage of retention of sulfuric acid. However, there are no technical requirements
or specifications for catalytic strippers, so non-optimized systems might be used resulting in lower
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than expected performance. The following sections will discuss issues related to particle losses, sulfur
storage capacity, and typical vehicles’ aerosol.

4.3.1. Particle Losses

The particle losses in a volatile particle remover are due to diffusion and thermophoresis.
The thermophoretic losses are around 25% without any dilution downstream of the volatile particle
remover, but less than 10% with dilution. The diffusion losses are size-dependent and for catalytic
strippers are from 15% to 40% more compared to 100 nm [29,33,36]. The thermophoretic losses are
similar for catalytic strippers and evaporation tubes for similar setup. The major drawback of catalytic
strippers versus evaporation tubes is the additional size dependent diffusion losses. Tests with a particle
number system replacing the evaporation tube with a catalytic stripper gave <20% difference at the
10 nm losses [39]. The design of a catalytic stripper is a compromise between volatile removal efficiency
and non-volatile particles’ penetrations [29,44]. Particle number systems with optimized catalytic
strippers have achieved <20% losses at 10 nm [29,36], but typically the losses are higher [39,107].
The regulation uses an average particle number concentration reduction factor (PCRF) of 30 nm, 50 nm,
and 100 nm to take into account the particle losses and the dilution ratio. This average PCRF is based
on the fact that vehicles’ size distributions have geometric mean diameter around 50 nm. In order to
minimize the influence of the small particle losses on the results, restrictions for the sub-23 nm sizes
are necessary. The future >10 nm regulation will have a limit for the ratio PCRF15 to PCRF100 of <2.
Another solution is to use two particle number counters with different cut-off sizes (at 23 and 10 nm,
approximately) and correct for the losses below 23 nm [8].

For 30 nm (and larger) sizes the differences of the losses between identical systems with evaporation
tubes or catalytic strippers are less than 10% [39]. This value is well within the range seen between
various commercial systems with evaporation tubes. The average PCRF, which takes into account
the losses at 30 nm, 50 nm and 100 nm, will partly offset the size-dependent losses. Furthermore, the
penetration of the complete system does not depend so much on the VPR, but mainly on the PNC [76].
Consequently, the differences of the systems with 23 nm PNCs will be within the typical experimental
uncertainties (5%). Indeed, most comparisons of >23 nm systems with and without catalytic strippers
gave comparable results [39,75,76]. With the current regulations, catalytic strippers are not allowed in
the volatile particle removers, because it is required that the materials do not react with exhaust gas
components. However, assuming that a system with catalytic stripper fulfils all the rest requirements
(e.g., PCRF30 to PCRF100 ratio <1.3), and based on the aforementioned findings, there is no reason to
exclude catalytic strippers for >23 nm measurements. Thus, future regulation should permit the use of
catalytic strippers even for measurements of particles >23 nm.

4.3.2. SO3 Conversion Risks

The catalytic strippers with only the oxidation part do not convert SO2 to SO3, but this needs
to be checked, because at the temperature required by the regulation (350 ◦C) some conversion may
take place (as discussed in Figure 5b). This could result in higher risk for re-nucleation compared to
an evaporation tube (where no SO2 to SO3 conversion takes place). In this case it is necessary that
most of the hydrocarbons are removed, so the nuclei will not grow to the measurement range of the
counting instruments.

Catalytic strippers with sulfur trap showed efficient removal even for high concentrations of
sulfuric acid. However, the risk with these systems is that they may be saturated if proper attention
is not given. At the moment there is no alarm/warning for such cases. Due to their high SO2 to SO3

conversion, when they are saturated they may result in higher nucleation probability compared to
the simple oxidation catalytic strippers or evaporation tubes. For modern light-duty vehicles with
low sulfur fuel and lubricant, the time until saturation is hundreds of hours (with some dilution) [33].
For applications using high sulfur content fuels (e.g., marine engines), however, they could saturate only
in a couple of hours [35]. Maximum SO2 concentrations are given in Table 2 for recent technologies (and
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fuels). Higher concentrations could be measured when the fuel sulfur content is >15 ppm, e.g., in India,
Central and South America or in Africa [108]. For example, the expected SO2 concentrations are <1 ppm
for modern vehicles [35], and peaks of 20 ppm may appear, and in extreme cases (e.g., regenerations)
even higher (150 ppm) [109]. However, measurement campaigns in countries with high sulfur content
fuel have reported average SO2 concentrations of 20–120 ppm [110] or even higher when there were
maintenance issues with the vehicles [111]. As it was discussed in Figure 6b, high SO2 or SO3

concentrations can result in sulfuric acid nucleation particles peaking at sizes >10 nm [33,66].
In addition to the SO2 to SO3 reaction, it is not well understood how the catalytic strippers

react with the exhaust aerosol. In a few cases non-volatile particle formation has been found in
evaporation tubes, but also in catalytic strippers [32,41]. In another case, a catalytic stripper measured
higher non-volatile particle concentrations than an evaporation tube [50]. This is an area that needs
further research.

4.3.3. Vehicles’ Volatile Aerosol

Table 2 gives the mass of volatiles reported as nucleation mode (NM) particles in the literature.
These are the actual (maximum) levels that particle number systems may be challenged with. What is
not always known is the chemical composition, and when detailed analysis is undertaken, hundreds of
compounds can be found [112]. Furthermore, it is not possible to define easily a “typical” composition
as it depends on the engine out emissions, the aftertreatment devices, the fuel, the lubricant, and
the driving style. For example, for a heavy-duty engine without aftertreatment devices, branched
alkanes and alkyl-substituted cycloalkanes from unburned fuel and/or lubricating oil contributed
>95% of the nanoparticle mass, and sulfuric acid <5% [113]. Another study indicated that the organic
component of diesel nanoparticles comprised compounds with carbon numbers in the C24–C32 range,
derived almost entirely from unburned oil [114]. For a heavy-duty diesel vehicle with a catalyzed
continuously regenerating trap (CRT) and 420 ppm sulfur fuel the majority of the NM was sulfates [115].
Similarly, for light-duty NM particles, the sulfate to organic ratios were from 0.2 to 20 depending on
the engine load (and exhaust gas temperature) for 350 ppm fuel sulfur [116]. Chemical analysis of a
heavy-duty DPF having mainly nucleation mode particles (1.2 × 1011 p/km) showed a high amount of
BTEX compounds (benzene, toluene, ethylbenzene, m,p-xylenes, and o-xylene) and PAHs (polycyclic
aromatic hydrocarbons) [117]. Similar results were noted for light-duty vehicles and, additionally,
alkanes had high concentrations [118]. Toluene, isopentane, m,p-xylene, 1,2,4-trimethylbenzene, and
o-xylene were the dominant volatile organic compounds emitted from the tailpipe exhaust of the
motorcycles [119].

Table 2. Peak concentrations during cold start, during the test cycle or regenerations. HCs and SO2

concentrations refer to the tailpipe, NM to the dilution tunnel. HC = hydrocarbons; HD = heavy-duty;
LD = light-duty; NM = nucleation mode.

Technology Period NM [mg/m3] Gas HCs [ppm] SO2 [ppm] References

Moped Cold start >10 >50,000 60 [8,34,49]
Motorcycle Cold start 10,000–35,000 12–20 [120–122]
Motorcycle Cycle 0.4 300–5000 9–20 [123,124]

LD Gasoline Cold start 5 12,000 10 [125–130]
LD Diesel Cold start low 350 10 [128,131]
LD Diesel Regeneration 1 200 25 [57,132–134]
HD Diesel Regeneration 1–12 250 150 [109,115,135–139]

For completeness, examples of measured gaseous hydrocarbons are given in Table 1. They are
measured according to the regulated procedure (with heated line at 191 ◦C), thus they represent
“light” hydrocarbons and they do not necessarily correlate with the NM reported in the same table.
Furthermore, typically less than 30% of total HC is condensed on soot particles. The catalytic strippers
remove the hydrocarbons more efficiently in the gas phase than in the particle phase [33]. Thus, the
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interpretation of these concentrations as requirements for catalytic strippers should be done with
precaution. Moreover, the gas oxidation efficiency check may not be necessary if the volatile particles’
removal efficiency is checked. Nevertheless, it could be a useful and easy check for the long term
volatile removal efficiency stability, especially as the catalytic stripper is poisoned by sulfur compounds
over time. At the temperatures prescribed in the regulations (300–400 ◦C) the oxidation efficiency of
CH4 is low, thus a gas such as propane is more suitable and also typically available in most laboratories
that do vehicle emissions testing (for calibration of other gas analyzers).

4.3.4. Catalytic Stripper Technical Requirements

Table 3 gives suggestions for future tests that could be required for the characterization of catalytic
strippers (standalone or in a VPR system). Examples and citations where more details can be found
are also given. Regarding particle losses, the requirements of the regulation should be fulfilled,
i.e., PCRF15 to PCRF100 ratio <2. The wall temperature is also defined in the requirements, usually
between 300 ◦C to 400 ◦C. For catalytic strippers, it seems that the lower temperature limit is more
advantageous because the SO2 to SO3 conversion is lower. This conversion ratio should be reported,
especially for systems without a sulfur trap, which should have very low conversion. Systems with a
sulfur trap should report the sulfur storage capacity. Two values should be reported: the complete
(i.e., until no SO2 is measured downstream of the catalytic stripper) and the total (i.e., until the SO2

concentration at the outlet of the catalytic stripper is stabilized). The measurement of SO3 (and H2SO4)
is challenging. In the presence of water vapor in particular, sulfuric acid will be formed, that is corrosive
and there are concerns regarding potential damage to the analytical equipment or even artefacts [81].
The particle removal efficiency should also be given. At the moment the preferred generation method
is evaporation-condensation technique with tetracontane particles, as the atomization method of oils
can result in residual particles from impurities in the atomized material. Even though the oxidation
efficiency (e.g., of propane) is not so relevant for the specific application of catalytic strippers, it could
be evaluated as a simple check of the long-term stability of the oxidation efficiency.

Table 3. Suggestions for technical requirements of catalytic strippers. The references give the
experimental setups of the proposed tests. HC = hydrocarbons; VRE = volatile removal efficiency.

Test Comment Example Reference

Particle losses As required in the regulation [33,36]
Wall temperature As required in the regulation 300 ◦C to 350 ◦C Regulation

SO2 to SO3 conversion To be declared % [33,36]
Sulfur storage capacity Based on SO2 mg [33,36]

VRE H2SO4 Feasibility to be assessed >99.9%; >1 mg/m3 [39,44]
VRE gaseous HCs Long term efficiency C3H8 >99.9%; >10,000 ppm [33]
VRE particle HCs Tetracontane particles >99.9%; >1 mg/m3 [30,33,36]

5. Conclusions

This review summarized the volatile removal efficiency of evaporation tubes (ET), thermodenuders
(TD), and catalytic strippers (CS). Some of the catalytic strippers had only an oxidation part and some
had, additionally, a sulfur trap upstream or downstream of the oxidation part.

Theoretically, CS oxidize the hydrocarbons resulting in smaller (if any) growth of any volatile
nucleation mode particles, compared to evaporation tubes that reduce hydrocarbons only by dilution.
CS with sulfur traps store sulfur compounds, thus, further minimizing any possibility of nucleating
particles. On the other hand, if the sulfur trap is saturated, any existing SO3 or SO3 formed in the
CS might enhance nucleation. At very high SO2 and/or SO3 concentrations the nucleated particles
may grow to the measuring range of the instruments. Considering that modern vehicles emit some
SO3 (and thus there is potential for nucleation) and the ET does not oxidize the hydrocarbons, the
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CS is a safer option for avoiding volatile artefacts (i.e., measuring re-nucleated volatile particles as
non-volatiles).

The summary of the published experimental results showed that ET and TD could handle
up to 2 mg/m3 of hydrocarbons without artefacts, but in some cases particles <10 nm remained.
Masses >2 mg/m3 resulted in artefacts in the 10–23 nm range or even >23 nm (15 mg/m3) on some
occasions. CS did not have any artefacts >10 nm in any of the studies (with one exception that were
presumably solid residuals). Inlet masses up to 13 g/m3 could be handled with CS in most cases
without any particles remaining, but in some cases particles <10 nm were detected after CS even at
hydrocarbon compound masses below 2 mg/m3.

With sulfuric acid containing aerosol, particles were always detected downstream of ET and TD:
they were <10 nm with <0.2 mg/m3 upstream concentrations (with one exception of hot dilution and
evaporation tube that could handle up to 2.5 mg/m3). The CS could efficiently handle the sulfuric acid
aerosol. However, at concentrations >1 mg/m3 some particles below 10 nm remained. The limited data
show that with a sulfur trap higher masses can be handled. In two cases, CS with a sulfur trap could
handle at least 9 mg/m3 without any particles remaining.

The vehicle exhaust aerosol had remaining particles larger than 10 nm for masses >0.5 mg/m3

and <10 nm even for masses of 0.05 mg/m3 for the ET systems. The CS had no cases with remaining
particles >10 nm. There were cases with particles <10 nm when the mass was 0.65 mg/m3 (standalone)
or 50 mg/m3 (downstream of hot dilution).

In general, the experimental results of the reviewed studies showed that the CS is the safest option
for minimum artefacts for measurements >10 nm. Studies below 10 nm still need attention, even with
CS, both regarding the volatile removal efficiency, but also the high particle losses. The above results
also confirm that the CS should be allowed in place or in addition to the ET of the existing systems
measuring >23 nm.

Due to the substantial variability of the results and the different removal efficiencies of the various
systems, in order to standardize the evaluation of the systems, it is recommended to include a volatile
removal efficiency test. Realistic levels of challenge aerosol should be in the order of 1 mg/m3 (except
mopeds that exceed 10 mg/m3). At the moment, it is not clear what is a representative chemical
composition of the volatile particles, but it seems that sulfuric acid plays a major role in their formation
and should also be included in the volatile removal assessment of the systems. However, H2SO4 is
corrosive and there are concerns regarding potential damage to the analytical equipment or even
artefacts. Catalytic strippers with sulfur traps should report their storage capacity and those without,
should confirm that no (or minimum) SO2 to SO3 conversion takes place.
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