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Abstract Fuel additives used in particle traps have to com-
ply with environmental directives and should not support
the formation of additional toxic substances. The emission
of metal additives from diesel engines with downstream
particle traps has been studied. Aspects of the optimisa-
tion of sampling procedure, sample preparation and analy-
sis are described. Exemplary results in form of a mass bal-
ance calculation are presented. The results demonstrate
the high retention rate of the studied filter system but also
possible deposition of additive metals in the engine.
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Aerosol - Inductively coupled plasma mass spectrometry -
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Introduction

Diesel engines are essential for transportation and other
heavy-duty industries but a major drawback is their pollu-
tants. Even the latest diesel engines emit fine soot parti-
cles which can cause serious respiratory and cardiovascu-
lar health problems [1, 2, 3, 4, 5]. Several countries regu-
late particulate emissions and give directives for imple-
mentation and compliance. Some of these countries, e.g.
Switzerland [6] and Germany [7], legislate special direc-
tives for heavy-duty vehicles in working areas like tunnel
construction sites, based on the results of the VERT stud-
ies (“Verminderung der Emissionen von Real-Dieselmo-
toren im Tunnelbau™, i.e. reduction of diesel engine emis-
sions at tunnel construction sites) [8, 9].

Particle traps are suitable tools for minimising soot
emissions. Different types are already available and many
are appropriate for retrofitting of heavy-duty vehicles [10].
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Suitable filter systems must fulfil strict requirements. For
example pore size must allow optimal retention of ultra-
fine particles with minimal clogging of the filter system.
A technical challenge is the regeneration of clogged fil-
ters. Online regeneration demands a minimum tempera-
ture of 550 °C and an oxygen content of 5%, which cannot
be attained without additional burners or catalytic com-
bustion [9]. Transition or noble metals (e.g. Ce, Fe, Cu, Sr
or Pt) in the form of fuel additives or coatings can sub-
stantially lower the soot ignition temperature. At concen-
trations of 10-50 mg/kg the additives can be mixed with
the fuel in the form of organometallic compounds or as
oxides which give a colloidal suspension with the fuel.
The additives should give a stable mixture with the diesel
and must be well distributed within each micro-droplet
during the combustion process.

Particle reduction must not provoke an increase of toxic
components. Therefore the assessment of secondary emis-
sions is an important criterion for the suitability of particle
filters. An appropriate test should ensure suitability and
toxic innocuousness of the particle trap. As one of the
VERT partners, the EMPA studied both the trap-induced
formation of hazardous organic compounds [11, 12] and
the emission and penetration of additive metals which are
presented here. The interest in online regeneration and po-
tential supporting additives increased recently. A combi-
nation of cerium and iron was used in this study. Filter re-
tention of ultra-fine particles and possible penetration of
additive metals have been studied for a SiC wall-flow filter
system in different driving situations. Emission rates were
compared for the engine with and without a particle trap.

Experimental

Instrumentation

All fuel and filter samples were digested in an MLS 1200 Mega
High-Performance Microwave Digestion Unit (MSL GmbH) up-
graded with a temperature control unit. The spectrometers used
in the analysis of aqueous digestion solutions were a quadrupole
ICP-MS ELAN 6000 (Perkin Elmer/Sciex) and a magnetic sector
field ICP-MS ELEMENT II (Thermofinnigan), both operated under
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Table 1 Operating conditions for the ICP-MS and ICP-OES

Parameter Perkin Elmer ELAN Thermo-Finnigan ARL 3580 B (Minitorch) VARIAN VistaPro
6000 ELEMENT II

Power (W) 1100 1100 750 1500

Plasma gas flow 15 15 12 15

(L/min)

RF generator (MHz) 40.86 (free-running) 27,12 (solid state) 27.12 (solid state) 40.86 (free-running)

Aux. gas flow (L/min) 1.00 1.00 1.00 2.25

Nebulizer gas flow 0.92 0.89 0.70 0.70

(L/min)

Nebulizer Crossflow Meinhard K-type Meinhard K-type Meinhard K-type

Spray chamber Scott-type (Ryton) Scott type Cooled conic quartz Cooled quartz chamber

chamber (-1 °C)
Resolution about 0.75 amu Low=300 about 9-10 pm about 10 pm

Medium=4000
High=10,000

10° (Dual-mode ETP) 10°

Dynamic range 10° (Dual-mode ETP)

Wavelength range

(at 267.7 nm) (at 267.7 nm)
10°(CCD,
70,000 pixels)

167-785 nm 167-785 nm

standard plasma conditions (Table 1). Direct determinations of the
diesel samples were performed with a radial ARL 3580 B ICP
Analyser (ARL) or a radial VistaPro ICP-OES (Varian). Chlorine
and sulphur were determined directly in undiluted samples using a
Philips PW-1400 wavelength-dispersive x-ray fluorescence spec-
trometer (WD-XRF) with typical detection limits of 1-2 pg/g.

Reagents and chemicals

In aqueous solutions only ultra-pure quality acids (Merck) and high-
purity water (18.2 MQ cm), prepared by a Milli-Q Gradient A10
System (Millipore), were used for sample and standard prepara-
tion. Standards were prepared from single- and multi-element stan-
dards to ICP quality (Merck and Alfa Aesar). Cleaning and filter
digestions were also only performed using acids of ultra-pure qual-
ity (Merck) and high-purity water.

Diesel samples were diluted using xylene as a mixture of iso-
mers, “puriss. p.a.” (Fluka). Calibration standards were prepared
from Conostan organometallic single- and multi-element standards
in Natural Basis Oil 75 (Conostan). For diesel digestions supra-
pure quality acid (Merck) was used.

Direct determination of metals in diesel

A rapid method was needed for monitoring accuracy of additive
dosing as well as miscibility and stability of the additive—fuel mix-
tures. Inductively coupled plasma optical emission spectrometry
(ICP-OES) has proved to be a reliable technique for direct element
determinations in a variety of organic samples [13]. Oil or fuel
samples must usually be diluted using organic solvent to decrease
viscosity and to guarantee a reliable quantification. Various or-
ganic solvents like MIBK [14, 15, 16], toluene [17], xylene [18,
19, 20, 21] or kerosene [22, 23, 24, 25] were investigated for dif-
ferent applications. Xylene and kerosene showed good plasma sta-
bility under similar plasma conditions as for aqueous solutions. In
newer publications kerosene was often preferred due to lower
costs, toxicity, volatility and less carbon build-up. However a great
advantage of xylene appears to be an increase in stability of sample
solutions and standards. Moreover, numerous organic petrochemi-
cal solutions do not dissolve completely even at high kerosene—
sample ratios, and those that do are unstable. A main goal was that
the final procedure was appropriate for element determination in
diesel and lubricants, since both sample types have to be analysed
within VERT projects. Prior tests of solubility with different or-
ganic solvents showed that xylene has better solubility properties

Table2 BEC for directly determined diesel samples (diluted 1:5
with xylene) calculated for undiluted samples

Element Wavelength ARL 3580 B VARIAN
in nm Minitorch Vista Pro
radial radial
Ag 328.068 2.45 2.15
Al 237.312 19.89 14.98
B 249.678 6.28 3.05
Ba 455.403 1.08 1.24
Ca 317.933 4.31 9.94
Cd 226.502 0.88 1.01
Cr 267.716 2.22 1.61
Cu 324.754 2.32 2.11
Fe 259.940 2.27 1.73
Mg 280.270 0.19 0.24
Mn 257.610 0.57 0.28
Mo 202.032 1.91 2.10
Ni 221.648 1.60 7.41
Ni 231.604 13.22 12.48
P 178.222 5.09 11.77
Pb 220.353 12.20 15.77
Si 251.611 8.41 5.29
Ti 337.280 2.02 2.29
\'% 311.070 2.50 3.55
Zn 213.857 0.72 1.13

for both sample types [26]. A further advantage of xylene is the
relatively low background level combined with a good signal-to-
noise ratio, which resulted in good background equivalent concen-
trations (BEC). Therefore xylene was chosen to optimise direct de-
termination using ICP-OES and resulted in the following proce-
dure: all organic samples directly determined using ICP-OES were
diluted 1:5 with xylene; a mixture of xylene isomers was used,
puriss. p.a. (Fluka); calibration standards were prepared from
Conostan organometallic single- and multi-element standards in
concentrations of 2, 10, 50 and if required 250 mg/kg in Conostan
Natural Basis Oil 75; and the same basis oil was used as blank.
For calibration all standards and the blank were diluted 1:5
with xylene. In Table 2 selected BEC values, calculated for undi-
luted samples, are listed. Usually organic solutions show higher



background levels than aqueous solutions. Therefore the use of
BEC levels for organic solutions is advantageous over detection
limits because BECs are calculated without background-corrected
values. BEC level is defined as follows:

BEC =1/ [ (Iundard "I Btank )/Cstandard I*Lrank

where Ig,nqarq=intensity standard (background not corrected), Igj,u=
intensity blank (background not corrected) and cg,girq=CcONcentra-
tion standard.

In this paper only the results of iron (direct determination) and
cerium (determination after digestion) will be discussed, but the BEC
list also includes other elements which are characteristic of diesel
or lubricants (e.g. abrasion) and were studied within the project.

Decomposition of diesel

For some elements like cerium the direct determination method
was not applicable as no organic standards were available. There-
fore digestion was optimised using an MLS 1200 Mega High-Per-
formance Microwave Digestion Unit (MSL GmbH). Wet-acid di-
gestions of organic samples present safety hazards [27, 28, 29, 30].
Therefore a slow procedure was developed where the diesel samples
were digested with nitric acid and peroxide. About 100200 mg of
sample was weighed into quartz vessels and 3ml of nitric acid
(HNOj;. Merck ultra-pure 60%) was added. The quartz vessels
were covered and slowly heated on a Schott Ceran hotplate to en-
sure a smooth pre-reaction. When the reaction started the colour
changed from yellow to brown and the formation of NO, was ob-
served. After 12 h reaction time and cooling, 1 ml hydrogen perox-
ide (H,0,. Merck supra-pure 30%) was added to the solutions. The
digestion vessels were placed into medium-pressure decomposi-
tion vessels, which were filled with 5 ml ultra-pure water and 1 ml
H,0, (Merck supra-pure 30%), and microwave digestion was per-
formed. Finally the solutions were diluted to an end volume of
10 ml. The complete digestion programme is listed in Table 3. Ad-
ditive elements were determined by ICP-OES and ICP-MS using
aqueous calibration solutions.

Filter sample preparation

The emission aerosols were sampled on Nuclepore Track-Etch
Membranes IPR-200 (Corning) using a Dekati 12-stage Electrical
Low Pressure Impactor (ELPI), Model 95 2E Sn 24/50 (size range
30nm—-10 um) and a downstream quartz fibre back-up filter.

The ELPI samples showed very low aerosol masses and the
concentrations of the additive elements were at the ultra-trace
level. The required low detection limits (DL) were only achievable

Table3 Digestion programme for diesel samples

Pre-digestion programme

Time Ceran hotplate level
3 min 1
7 min 2
5 min 0
10 min 3

Cooling down, 12 h reaction time before adding H,O,

Microwave digestion programme
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by consequent optimisation of the whole sample preparation pro-
cedure. To minimise the contamination risk only fresh acids of ul-
tra-pure quality were used. First results showed that only control of
all vessels after cleaning digestion led to appropriate DLs [31]. The
quartz vessels were reserved for these applications only. The fol-
lowing procedure was optimised to achieve the best detection limits:

(1) Cleaning digestion for the vessels using ultra-pure chemicals
and filled to an end volume of 10 ml.

(2) Determination of the vessel background (cleaning solutions of
(1)) by ICP-MS.

(3) Selection of suitable vessels based on the results of (2).

(4) Vessels with inappropriate background levels have to be cleaned
a second time ; steps repeated from (1).

(5) Digestion of the weighed filters (field blanks and samples) us-
ing ultra-pure chemicals (acid mixture depends on analyte)
and filled to an end volume of 10 ml.

(6) Digestion of a minimum of five reagent blanks together with
(5) to determine the detection limits of the sample preparation
procedure using the same acids as in (5).

(7) Determination using ICP-MS (inductively coupled plasma mass
spectrometry — quadrupole or high-resolution (HR)ICP-MS is
dependent on the analyte).

The acid mixture for the digestion depends on the elements of in-
terest and the filter type. As an example the decomposition of
ELPI filters for the determination of iron and cerium is described
here. The absolute aerosol masses on the 12 impactor stages were
directly monitored during sampling. This was an advantage be-
cause determination by difference weighing (loaded filter—un-
loaded filter) was not always possible due to condensation on the
filter surface.

In this study the whole filter was weighed and placed into a
cleaned and background-controlled decomposition vessel. A 3-ml
aliquot of HNOj; (Merck ultra-pure 60%) and 1 ml H,O, (Merck
ultra-pure 30%) were added. The vessels were closed and placed into
the outer decomposition vessels, which were filled with 5ml ultra-
pure water and 1 ml H,O, (Merck ultra-pure 30%). The microwave
decomposition programme is described in Table 4. Finally the solu-
tions were diluted to 10ml end volume with ultra-pure water.

For the determination, aqueous standards were prepared using
single- or multi-element standards of ICP quality (Merck and Alfa
Aesar), ultra-pure quality acids (Merck) and high-purity water,
prepared using a Milli-Q Gradient A10 System (Millipore).

The selection of an internal standard for the determination of
emission aerosols can be challenging because generally recom-
mended elements, such as rhodium, are not always applicable. Fur-
ther tests, which have yet to be published, showed that emission
aerosols of engines equipped with oxidation catalysts and particle
traps have sometimes a significantly higher concentration of met-
als like rhodium, rhenium or yttrium. In such cases, appropriate se-
lection is only possible on the basis of prior semi-quantitative
analysis. Elements like indium, molybdenum or probably gallium
seemed to be appropriate candidates, but the applicability of an in-
ternal standard must be checked in every individual case. In the
present study the use of rhodium was possible because no oxida-
tion catalyst was used in combination with the studied particle
trap. Cerium and iron were determined using HR ICP-MS.

Back-up filters and filter materials for integral sampling of
diesel exhaust emissions were digested with HNO; (Merck ultra-

Table4 Microwave digestion programme for ELPI filter samples

Step Time Power Temperature Temperature Step  Time Power Temperature  Temperature
(min) (W) outside (°C) inside (°C) (min) (W) outside (°C)  inside (°C)

1 6 1000 100 90 1 6 1000 100 80

2 6 1000 150 130 2 6 1000 150 130

3 9 1000 210 130 3 10 1000 180 130

4 12 1000 215 130 4 12 600 180 130

5 30 Cooling/venting 5 30 Cooling/venting
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Table 5 Background contamination of different filter materials in pg/m?

Filter diameter incm 7.1 7.0 4.8 7.0 5.1 2.5
Filter area in cm® 39.6 38.5 18.1 38.5 20.4 4.9
Analyte Pall Pallflex EMFAB Pallflex EMFAB  Macherey-Nagel Munktell ELPI Filter NWG

T60A21 TX40HI20-WW  TX40HI20-WW MK361

pg/m? pg/m? pg/m? pg/m? pg/m? pg/m? pg/m?
Li 10 2.1E+02 2.3E+02 2.0E+02 <DL 0.5 0.1
Na 3.1E+05 2.0E+05 4 4E+05 2.3E+05 3.3E+02 7.7E+02 47
K 1.1E+05 7.2E+04 1.6E+05 4.1E+05 <DL <DL 38
Rb 1.5E+02 54 1.3E+02 4.3E+02 0.1 0.2 0.1
Cs 1 3 5 4 <DL 0.5 0.1
Group 1 4.3E+05 2.8E+05 6.1E+05 6.5E+05 3.3E+02 7.7E+02 85
(alkali metals)
Be <DL 1.4 1 <DL <DL 0.5 0.2
Mg 3.2E+03 7.8E+04 7.6E+04 1.3E+04 1.3E+02 67 2.0
Ca 3.3E+04 5.4E+05 5.0E+05 4 4E+05 1.3E+03 2.9E+03 56
Sr 2.0E+03 7.7E+03 1.1E+04 1.6E+04 7 1.4 0.1
Ba 2.0E+05 4.4E+04 2.7E+05 2.9E+05 81 8 1.1
Group 2 (alkaline 2.4E+05 6.7E+05 8.6E+05 7.6E+05 1.5E+03 3.0E+03 60
earth metals)
B 4.8E+04 5.7E+04 1.1E+05 3.8E+05 1.5E+03 1.1E+04 38
Al 1.9E+04 1.4E+05 2.1E+05 2.2E+05 3.9E+02 2.3E+02 2
Ga 10 98 1.0E+02 79 <DL 1.3 0.1
Ge <DL 0.5 0.5 0.3 <DL 1.1 0.1
As 0.6 5 6 15 <DL 3.6E+02 0.2
Se <DL <DL <DL 57 <DL <DL 13
In <DL 0.3 0.4 0.1 <DL <DL 0.1
Sn 5 0.5 16 11 <DL 112 0.7
Sb 0.3 0.5 0.4 1 <DL 2 0.1
Te <DL <DL <DL 0.2 <DL 0.2 0.1
Tl 1.2 0.4 1 3 <DL <DL 0.2
Pb 43 1.4E+02 2.0E+02 79 4 5 0.5
Bi <DL <DL <DL 3 <DL 5 11
Group 3 (main 6.7E+04 2.0E+05 3.2E+05 6.0E+05 1.9E+03 1.2E+04 65
group elements
III-VI)
Ti 29 1.7E+03 1.7E+03 1.1E+03 14 31 1
\Y% 2 1.6E+02 1.8E+02 61 <DL 5.6E+02 0.4
Cr 21 2.3E+02 2.6E+02 3.3E+02 34 2.7E+02 7
Mn 39 1.5E+02 1.8E+02 2.2E+02 15 7 0.1
Fe 7.4E+02 1.0E+04 9.4E+03 6.6E+03 2.6E+02 4.3E+02 41
Co 1 13 14 17 0.2 1 0.1
Ni <DL 42 34 36 10 43 4
Cu 19 28 4.2E+02 92 <DL 6 1
Zn 3.6E+04 1.2E+04 5.2E+04 3.3E+05 2.8E+02 1.2E+03 7
Zr 1.3E+02 1.2E+02 2.1E+02 4.1E+02 4 2 0.1
Nb 0.1 1 1 1 0.1 <DL 0.1
Mo 4 3 5 22 7 1 0.3
Ru <DL <DL <DL 0.1 <DL <DL 0.1
Rh <DL <DL <DL <DL <DL <DL 0.1
Pd 3 3 6 10 <DL 0.3 0.1
Ag 0.1 0.2 0.3 0.5 <DL 0.5 0.1
Cd 0.5 0.5 1 6 <DL 0.1 0.1
Hf 4 2 6 6 <DL <DL 0.2
Ta 0.3 0.1 0.4 1 <DL <DL 0.1
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Filter diameter incm 7.1 7.0 4.8 7.0 5.1 2.5
Filter area in cm? 39.6 38.5 18.1 38.5 20.4 4.9
Analyte Pall Pallflex EMFAB Pallflex EMFAB  Macherey-Nagel Munktell ELPI Filter NWG

T60A21 TX40HI20-WW  TX40HI20-WW MK361

pg/m’ pg/m’ pg/m’ pg/m’ pg/m’ pg/m’* pg/m’
w 3 <DL 1 1 <DL <DL 0.3
Re <DL <DL <DL <DL <DL <DL 0.1
Os <DL <DL <DL <DL <DL <DL 0.2
Ir <DL <DL <DL <DL <DL <DL 0.2
Pt <DL 1 1 <DL <DL <DL 0.4
Au <DL <DL <DL 0.3 <DL <DL 0.4
Hg <DL <DL <DL <DL <DL <DL 1.5
Group 4 3.7E+04 2.4E+04 6.4E+04 3.4E+05 6.2E+02 2.6E+03 65
(transition metals)
Sc <DL 28 24 14 <DL 10 7
Y 38 53 87 2.2E+02 0.2 0.1 0.1
La 16 1.9E+02 1.5E+02 55 3 <DL 0.1
Ce 18 4.2E+02 3.2E+02 87 0.4 <DL 0.1
Pr 3 57 48 12 <DL <DL 0.1
Nd 9 1.9E+02 1.7E+02 37 <DL <DL 0.2
Sm 2 34 33 8 <DL <DL 0.2
Eu 25 12 36 30 <DL <DL 0.1
Gd 2 25 29 8 <DL <DL 0.2
Tb 0.4 3 4 1 <DL <DL 0.05
Dy 4 15 21 10 <DL <DL 0.1
Ho 1 2 3 2 <DL <DL 0.05
Er 3 4 8 9 <DL <DL 0.1
Tm 1 1 1 2 <DL <DL 0.05
Yb 4 4 9 12 <DL <DL 0.2
Lu 1 1 1 2 <DL <DL 0.1
Th 4 55 75 21 <DL <DL 0.2
U 2 21 28 8 0.1 <DL 0.1
Group 5 (REE, 1.3E+02 1.1E+03 1.0E+03 5.4E+02 4 10 9
lanthanoids,
actinoids)

pure 60%) and H,0O, (Merck ultra-pure 30%) using microwave di-
gestion. The samples were prepared without internal standard. The
Totalquant program of the ELAN 6000 was used to determine the
background levels of the filters.

Results and discussion
Filter background levels

Metal determination in emission aerosols is limited more
by sampling procedure than by the detection limits of an-
alytical methods. The main reason is a high contamination
risk during sampling. A consequent optimisation of the
complete chain including sampling procedure, sample prepa-
ration and analysis is needed to achieve reliable results [31,
32]. The determination of additive metals in extremely
low concentrations requires a suitable sampling procedure.
Contamination risk and memory effects are not negligible

especially for omnipresent metals. A pre-condition for
low detection limits is a careful selection of filter material
with low background. Therefore several filter types planned
for different applications within this research project were
controlled for their background level. Three samples of
each filter type were microwave digested and determined
using the semi-quantitative program of the ICP-MS. Table 5
shows the average results of all filter materials studied,
which are listed in Table 6. The three filter samples varied
mainly between 5 and 30% depending on filter type, ele-
ment and concentration. To give a quick overview the re-
sults, calculated in concentrations based on filter areas,
were summarised in five groups (Fig. 1):

(1) Sum of alkali metals

(2) Sum of alkaline earth metals

(3) Sum of main group elements (III to VI)
(4) Sum of transition metals

(5) Sum of rare earth elements, REE
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Table 6 Filter materials and properties

Filter type Diameter Material Properties Application Package
Pall Gelman Sciences Pallflex 47 mm Boron-silicate 1. Withstands folding High temperature or Plastic box
membrane filter, Type EMFAB glass micro-fibres 2. Flushed with DI hot gas air monitoring
TX40HI20WW—-47 mm reinforced with water to remove water-
woven glass cloth,  soluble residue
PTFE bonded 3. Low air resistance
for critical aerosol
sampling
Pall Gelman Sciences Pallflex 70 mm Boron-silicate 1. Withstands folding High temperature or Paperboard
membrane filter, Type EMFAB glass micro-fibres 2. Flushed with DI hot gas air monitoring  box filters in
TX40HI20WW-70 mm reinforced with water to remove water- plastic bag
woven glass cloth,  soluble residue
PTFE bonded 3. Low air resistance
for critical aerosol
sampling
Pall Gelman Sciences Pallflex 47 mm Heat resistant 1. Heat-treated (HAT)  High temperature or Paperboard
membrane filter, Type Fiberfilm boron-silicate glass  version available for hot gas air monitoring; box filters in
T60A21-47 mm fibre coated with reduction of trace air sampling applica- plastic bag
fluorocarbon (TFE) organics tions with moisture
variations in air or
gases
Munktell quartz microfibre filter, 50 mm Pure quartz micro- Emission control up Paperboard
Type MK 360/T 293 fibre without glass to 900-950 °C
fibre and binder
Macherey-Nagel, Type glass 70 mm Glass fibre filter Filter for coulometry
fibre filter MN 85/90 BF without organic
binder
Corning, Nuclepore Track-Etch 25 mm Polycarbonate Films for ELPI Plastic box
Membrane IPR-200 Electrical Low

Pressure Impactor,
fuel testing

Fig.1 Background levels of 80
different filter materials —

80
BGroup 1 (alkali metals)

OGroup 2 (alkaline earth metals)

70 OGroup 3 (main group elements 111-VI)

O Group 4 (Transition metals)

B Group 5 (REE, Lanthancids and Actincids)

= o @
o o =]

concentration in [uglem?]

w
t=1

20

| o

Pall TE0A21 71 mm Paliflex EMFAB Palifiex EMFAB MACHEREY-NAGEL  Munktell MK361 51 ELPI Filter 25 mm
TX40HIZ0-WW 70 mm  TX40HI20-WW 48 mm 70 mm mm

ELPI and Munktell filters showed the lowest concentra- tributed mainly to group (2). Aluminium and boron were
tions and were preferred by the authors. Macherey-Nagel dominant in group (3) and zinc followed by iron in group
and Pallflex filter types showed higher background levels. (4). Group (5) was for all filters below 0.1 ug/m? The
The highest levels in group (1) were observed for sodium background levels of potential additive or coating metals
and potassium. Calcium, barium and magnesium con- (Ce, Fe, Sr, Pt, etc.), typical metals originating from oxi-



dation catalysts (Re, Rh, Pt, etc.) and candidates for inter-
nal standardisation (e.g. Rh, In, Y, Ga, etc.) are especially
relevant to the VERT research projects. However the in-
formation about background levels might also be useful
for other authors because the filter types are widespread
and commonly used products.

Results for a SiC wall-flow filter system driven with
cerium and iron additive-containing diesel

The presented results were part of a study within the
VERT research programme. Illustrative results for a new
SiC wall-flow filter system driven with cerium and iron
additive-containing diesel arereported here. All tests were
performed on an engine test stand with a LIEBHERR 914 T
diesel engine (6.11 litre, 105 kW at 2,000 rpm, turbocharger
without charge-air cooling) by the Department of Auto-
motive Engineering in Biel (Switzerland). Besides the
investigation on metal penetration several other aspects
like the formation of organic emissions were studied.
These results will be presented elsewhere. The experi-
mental set-up and the determined parameters are outlined
in Fig. 2.

The ISO 8178/4 C1 cycle with eight operating points
for construction site engines was the basis for all emission

fuel tank

flow meter
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Fig.2 Scheme of the experimental set-up for suitability testing of
particle trap systems and the determination of secondary emissions
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A ISO 8178/4 C1-cycle for construction site engines

Torque

i Intermediate
lding RPM
| o

015\

60 %

Fig.3 ISO 8178/4 C1 cycle for construction site engines

measurements (Fig.3). The cycle simulates different en-
gine operating situations as well as the accumulation and
regeneration phases of the particle trap. The cycle was
driven in the prescribed sequence beginning with four
load-states at a maximum of 2,000 rpm followed by three
load-states at an intermediate rpm (60% of the rated rpm)
and finally an idling phase. The dwell time of each load/
rpm point was 10—15 min. The total cycle time was aggre-
gated to 100 min. The described cycle was driven twice,
thus the total sampling time was 200 min. The following
five test conditions were used:

(1) RO: engine driven with reference diesel without fuel
additives and without particle trap

(2) CO: engine driven with cerium and iron additive-con-
taining diesel without particle trap

(3) CF: engine driven with cerium and iron additive-con-
taining diesel with particle trap

(4) HCO: engine driven with cerium, iron and chlorine
additive-containing diesel without particle trap

(5) HCF: engine driven with cerium, iron and chlorine
additive-containing diesel with particle trap

The engine was operated with a standard diesel fuel as per
EN SN 590 (polyaromatics: 3.5 mg/kg, density: 0.832,
cetane number: 56.6). Particle traps require diesel with low
sulphur content. The reference diesel was delivered in a
200-1 barrel and the engine was directly fed from the bar-
rel. The sulphur content was 94 mg/kg. DEA DES/6069
(TBN: 0.55 mg KOH/g) with a sulphur content of 5 mg/kg
was used as lubricant. Cerium and iron additives were
added to support the particle trap regeneration. The sup-
plementary chlorine additive serves to improve verifica-
tion of polychlorinated dibenzodioxins/furans (PCDD/F)
and increase sensitivity. The additives were dosed in the
amounts 12 mg/kg cerium, 5 mg/kg iron and 12 mg/kg chlo-
rine.

The correct dosing of the additives was controlled by
the determination procedures described above. Therefore
three diesel samples were taken during the motor test
phase. The first diesel sample was taken directly from the
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freshly opened barrel before the tests got started. After
RO was finished, the metal additives were well mixed
with the fuel in the barrel and a sample of the additive-
containing diesel was taken. When the tests CO and CF
were finished a chlorine additive was added to support the
formation of organic secondary emissions. After chlorine
was added, a third diesel sample was taken before the
tests HCO and HCF were performed.

Iron was determined directly in a 1:5 xylene dilution
using ICP-OES, cerium was quantified after digestion by
ICP-OES and chlorine and sulphur were analysed using
WD-XRF.

Emissions for the five test conditions described above
were sampled using the commercial particle sampler Dekati
ELPI. Further descriptions of the ELPI were given by
other authors [33, 34] as well as restrictions for the ELPI in
diesel particulate measurements [35]. Aerosol samples were
taken from the partial dilution tunnel on pure Nuclepore
Track-Etch Membranes IPR-200 (Corning). The sampling
followed the steps described below:

(1) The ELPI was equipped with filters before installa-

tion at the motor test stand.

Installation of the ELPI according to Fig. 1, but with

absolute filter at inlet.

Start of the ELPI and adjustment of the flow (100 mbar

absolute pressure at outlet).

Adjustment of the partial dilution tunnel (VT) (total

flow=2.09 g/s, dilution air=2.0 g/s); sample flow is

defined as total flow VT+flow ELPI (10 1/min) mi-

nus dilution air.

After the engine was conditioned, sampling was

started by switching from the absolute filter to VT.

The flow per stage was measured at each operating

point of the ISO 8178/4 C1 cycle using the corona

charger to determine number of particles and mass
deposition for size distribution.

Sampling duration: 200 min non-stop.

Stop of sampling by change from VT to absolute fil-

ter.

Stop of the flows and instrument.

Change of the filters:

— Step by step the loaded filters were removed from
each impactor stage using clean tweezers and put
into unused petri dishes.

— After careful cleaning of the stages fresh filters
were inserted using clean tweezers.

— The filter change was not performed in the motor
house but in a room with separate ventilation sys-
tem.

(2)
3)
4)

(5)
(6)

(7)
(8)

9)
(10)

The background level was determined using diesel with-
out additive and without particle trap (RO). To assess the
total additive amount that finally reached the particle trap
the sample CO was taken using additive-containing diesel
without particle trap. The efficiency of the trap could be
calculated by comparison of the CO and CF test condi-
tions. The tests were repeated with an additional chlorine
additive (HCF and HCO) to support the determination of
organic compounds.
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Fig.4a,b Size-specific cerium and iron concentrations found on
the 12 impactor stages in pg per filter

Table 7 Mass balance for cerium additive calculation based
on total mass per cycle

Data based on total mass per cycle Cerium %
Dosed additive quantity 473 mg 100
Total mass exhaust gas without 15.4 mg 33
particle trap (calculation based on
measured total mass ELPI)
Total mass exhaust gas with trap 0.3 mg 0.1
(calculation based on measured
total mass ELPI)
Calculated deposition in engine 457 mg 96.7
Calculated deposition in the 15.1 mg 3.2
particle trap
Calculated emission into ambient air 0.3 mg 0.1
Total 473 mg 100
Calculated filtration rate engine 96.7%
Calculated filtration rate particle trap 98.2%
Calculated total filtration rate system 99.9%
Emissions factor 0.96 pg/kWh

0.2 pg/nm’

The size distribution of particulate diesel exhaust emis-
sions has been studied in other papers [36, 37, 38]. It was
also observed that cerium additive-containing diesel emis-



Table 8 Mass balance for iron additive calculation based on
total mass per cycle

Data based on total mass per cycle [ron %
Dosed additive quantity 202 mg 100
Total mass exhaust gas without particle 25.6 mg 12.7
trap (calculation based on measured total
mass ELPI)
Total mass exhaust gas with trap 43.2 mg 21.4
(calculation based on measured total
mass ELPI)
Calculated deposition in engine 176 mg 87.1
Calculated deposition in the particle trap  17.6 mg 3.7
Calculated emission into ambient air 43.2 mg 9.1
Total 236.8 mg 100
Calculated filtration rate engine 87.3%
Calculated filtration rate particle trap -145%
Calculated total filtration rate system 78.6%
Emissions factor 632 pg/kWh

39 pg/nm’

sions show a bimodal distribution and that different Ce
concentrations change the size distribution to smaller size
classes [32, 39, 40]. However little is known about metal
content in the different size fractions and the behaviour of
additives like iron. Figures 4a and b present the size-clas-
sified cerium and iron content for the five different test
conditions described above as mass per impactor stage.
Cerium and iron show slightly different patterns, which
might be caused by the different form of the additives
(cerium was dosed as colloidal cerium oxide, iron as or-
ganic compound). Additionally iron is a ubiquitous element
which might originate from other sources (e.g. abrasion).

The cerium content of the no-additive reference fuel
sample RO was close to the detection limit. Significant
quantities of cerium were detected for the samples CO
and HCO from the additive-containing fuel sampled with-
out particle trap. The samples CF and HCF, taken from
cleaned gas after the particle trap, only contained ex-
tremely low cerium concentrations. The results for iron as
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a ubiquitous element were not as definite as for cerium.
Iron is present in high concentrations throughout the
whole technical system. Under the given test conditions
the iron originating from the additive could not be clearly
distinguished from iron of other sources such as engine
abrasion, fuel, test facility, sampling unit, ambient air, et
cetera. A mass balance was deduced by comparing the
measured analyte content with the total mass of additive
content. Therefore the metal masses on the ELPI foils were
extrapolated for the total emissions, based on the dilution
ratio during sampling. Tables 7 and 8 give the calculated
mass balances of iron and cerium. Table 9 shows the aerosol
masses determined during sampling, which indicate a
high filtration efficiency for particles. According to the
mass balance for cerium no significant penetration rate
was observed.

The interpretation of the iron data was more difficult.
The mass balance for iron gives no clear results, which is
probably caused by too many potential contamination
sources adulterating the samples. This is also indicated by
a negative filtration rate, with emissions sampled without
a trap showing a lower iron content than those sampled
with a trap. Also for the background level RO, relatively
high iron values were detected which must originate from
somewhere in the entire system. The results showed
clearly that iron is less useful in suitability investigations
or risk assessment with particle traps than cerium. A more
useful test for iron would require that the additive iron
could be clearly distinguished from iron originating from
other sources. The use of a radiotracer-doped additive or
of an iron additive compound with a significantly differ-
ent iron isotope ratio than the natural might be imagined
for this task.

It was noticeable that an unexpectedly large amount of
additive was retained in the system. Previous investiga-
tions had shown that additives were deposited in the en-
gine and the exhaust system. Additionally, the release of
cerium from the engine during the conditioning phase was
observed during other tests. These observations were ex-
plained by memory effects from earlier use of the engine
with additive-containing fuel.

Table9 Aerosol masses of the

impactor stages in mg 3_1518% Stage RO CO HCO RO CO HCO
0.03 1 0.001 0.001 0.0008 0.0011 0.001 0.0013
0.06 2 0.018 0.0125 0.0139 0.0191 0.0186 0.0201
0.108 3 0.0634 0.049 0.058 0.089 0.082 0.084
0.17 4 0.13 0.09 0.09 0.15 0.15 0.15
0.26 5 0.095 0.057 0.066 0.114 0.096 0.112
0.4 6 0.25 0.13 0.17 0.33 0.26 0.28
0.65 7 0.99 0.42 0.76 1.39 0.74 1.07
1 8 2.2 1.35 2.2 3.22 2.29 2.75
1.6 9 5.61 3.17 4.9 7.22 5.14 5.82
2.5 10 18.7 10.6 16.3 25.2 15.6 18.5
4.4 11 70 34.6 54.2 91.8 55.9 67.2
6.8 12 331.7 142.4 243.5 420 247.3 293.5

10 13
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Presumably, saturation is expected after a “deposition
conditioning phase” and the additive amount reaching the
particle trap might increase. Therefore an increase in test
duration or a pre-driven conditioning phase might in-
crease the amount which can be found in stage CO.

Outlook

Further investigations should give information on where
additive deposits might occur and if an initial deposition
phenomenon does exist. Possible deposition locations
might be the tank, the engine itself, the exhaust system, or
the test facility with the partial dilution tunnel and tubes.
Additionally a further investigation of the long-term sta-
bility of additive—fuel mixtures is necessary to guarantee
stable solutions for general use. A clarification of the in-
fluence of additive type, fuel composition (e.g. the S con-
tent) etc. on the mixture stability is also needed. Whether
lubricants have any effect on particle-trap efficiency is
also still unknown. A study of the emissions under dis-
tinct operating conditions like the accumulation and re-
generation phases is planned for the near future. Out-
standing is also the investigation of the long-term behav-
iour of particle traps as well as the influence of ageing on
penetration and soot retention. Finally, different particle
trap concepts like additive/particle traps or special metal-
coated particle trap systems, which can be operated with-
out additives, should be compared.

Conclusion

It was clearly shown for cerium that the soot retention of
the investigated particle trap was relatively high. Accord-
ing to the demand that appropriate particle traps should
not generate significant secondary emissions, the additive
release for the additive/particle trap combination de-
scribed was relatively low for cerium. The interpretation
of the iron results was difficult due to too many potential
iron sources. It was surprising that only about 10% of the
additive reached the particle trap, which might be caused
by initial deposition. Differences in the load and regener-
ation phases and a possible saturation effect of the addi-
tive deposition have to be investigated in further studies.
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