























































































































PAH compounds are shown in Fig 1.7. The mass emission rate of
PAC's from diesel exhausté are several orders of magnitude less
than the input rate of fuel. This has lead to the suggestion
that PAC's are destroyed and not formed in diesel combustion
processes (Williams, 1985). This group have also shown that
when unburnt fuel is the main socurce of PAC in SOF then the PAC
in the SOF varies directly with the levels of UHC. Wall and
Hoekman (1984) however found no such correlation. This may not
be contradictory since the former work assessed the fuel/PAC
ratio with UHC/PAC ratio and the latter study considered

absolute levels.

PAC's can be formed as a result of fuel combustion and
are believed to be precurscers in the formation of particles
(Smith, 1981). They are clearly related and difficult to
distinguish from UHC PAC's in the exhaust. Both fuel and oil
have been proposed as sources of emitted PAC's. Lube oil
acts as a sink for PAC's, with up to 85% of PAH in the cylinder
scavenged by crankcase o0il (Peake and Parker, 1980). Used
engine oils have significant mutagenicity compared to unused oil
(Warne and Halder, 1986) thereby indicating that this is derived
from cylinder PAC's. Lube o0il has been shown to correlate well
with particulate emissions (Hilden and Mayer, 1984)., Radio

tracer work showed that an average lube o0il consumption may be
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0.25% of the fuel burnt but can rise to 25% at high speeds and
low load (Mayer et al, 1980). The majority of lube o0il forms
SOF which has been estimated as 19-88% (Cartellieri and
Tritthart, 1984), 32-95% (Hilden and Mayer, 1984), and 38-62%

(Trier et al, 1987).

The formation of soot and PAC's are closely linked, albeit
poorly understood. PAC's are known to be precursors of soot
formation in both aliphatic and aromatic fuels (Prado and

Lahaye, 1983).
1.3.2 DIESEL PARTICULATE EMISSIONS

The formation of DP depends on fuel type and engine
stoichiometry, specifically temperature and equivalence ratio.
DP (i.e. smoke) production is favourgd iﬁ a high temperature
fuel rich, diffusion flame environment, and is dependent on
speed and lcad. Van Dell et al (1987} showed that in aromatic
flames, particle size and specific surface area was related to
equivalence ratio. Soots produced from the pyrolysis of
o-dichlorobenzene had a particle size distribution which shifted
from being bimodal at low equivalance ratios (<1.4) to being
monodispersed (above >1.4), due to agglomeration, and increased

in specific surface area (SSA) from <90mZ /g to >300m?/g.
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Ross (1981) studied EPA soots and determined a BET SSA of
112.2m2 /g, and showed that preadsorbed layers (of UHC)

altered the adsorption properties of DP.

Primary soot particles appear similar despite differing
source combustion systems and their formation is often
accompanied by the formation of a variety of high molecular
mass hydrocarbons, which may become adsorbed or condensed onto
the soot itself. The formation of diesel soot begins with a
fuel molecule, typically of 12 to 22 carbon atoms and having a
hydrogen/carbon ratio of about 2. This is transformed by
pyrolysis and oxidation reactions into soot particles which
contain upto 10%® carbon atoms with mean particle diameters
of 10-50nm and a hydrogen/oxygen ratio of 0.1. The carbon atoms
are packed into hexagonal face-centered arrays commonly referred
to as platelets (Abrahamson, 1977). The mean layer spacing is
0.355nm, slightly larger than graphite, and the density is
between 1600 and 2000kg/m?. The platelets are believed to
form crystallite layers (2-5 platelets per crystallite) with
approximately 10 crystallites forming a spherical soot particle.
This structure (similar to pyrolytic graphite) is thought to be
responsible for its resistance to oxidation. Fig 1.8 shows the
development of the structural system which correlates with the

studies of Akhter et al (1984) who suggest a structure for
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hexane soot with occluded substances (Fig 1.9). Early work with
X-ray diffraction indicated that the carbon platelet layers were
merely randomly arranged, however recent high-resolution
phase-contrast electron microscopy of similar carbon blacks have
shown the turbostratic structure of lattices are arranged
regularly around particle centers where the structure is less
well ordered. Many dislocation and other lattice defects have
also been noted and suggested as being adsorption sites.

Heat treatment improves the internal order of the particles and
reduces the interplanar spacing making it similar to graphite.
The rate of graphitization (loss of hydrogen allowing better
ordering) depends on the temperature so that the age of a
particle and its degree of order are closely linked (Haynes and
Wagner, 1981). Fresh soot has a higher hydrogen content and has
considerable numbers of radicals as indicated by the high electron
spin resonance of hexane soot platelets (Akhter et al, 1984).
Electron diffraction indicates the presence of single C-C bonds
in soot. Lahaye & Prado (1981) have reviewed the morpholegy and
internal structure of diesel soots and have summarised much of
the above information, and they suggest that diesel socots are
very similar to carbon blacks. The soot particles in the exhaust
form aggregates (straight and branched) which in turn form
flocculates. The amount of soot formed in a combustion systen

is usually very small compared to the total carbon in the fuel.




1.4 THE PHYSICOCHEMICAL RELATIONSHIP BETWEEN SOOT AND PAH

Diesel particles are small agglomerates which show a strong
adsorption affinity towards higher beoiling point gaseous
hydrocarbons emitted at the same time. The adsorbed species
have been identified into distinct fractions according to
extraction method and detailed by Perez et al (1984). Fig 1.10,
describes some of these fractions and details a simplified model
of a diesel particle. Of primary concern is the SOF and t;tal
organic extract (TOE), which are both removed by soxhlet

extraction.

Amann's review (Amann et_al, 1980) states that the
SOF/Soot interaction process is primarily controlled by the two
processes: condensation and adsorption. Condensation occurs
when the vapour pressure of the gaseous hydrocarbons exceeds
their saturated vapour pressure. The saturated wvapour pressure
varies with temperature and the beiling point of the
hydrocarbon. Condensation is favoured in low dilution
environments with low filter temperatures and high exhaust
hydrocarbon concentrations. Plee and MacDonald (1980) found
that condensation was most likely to be significant only if all
of the hydrocarbons originated from the less volatile half of the
lubricating oil, or if the unburned fuel had been transformed
into higher boiling point hydrocarbons. Condensation fails to

explain the existence of considerable SOF at standard engine
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conditions, but may be more significant with higher

concentrations of UHC in the exhaust.

Adsorption involves the adherance of hydrocarbon molecules
to the surface of the soot particles by either chemical and/or
physical (van der Waal's) forces. Clerc and Johnson (1980) and
Plee and MacDcnald {(1980) all found that adsorption was the
dominant mechanism controlling the collection of SOF by soot and

fuel was the dominant source of hydrocarbons.

Various studies have been carried out using a modified
Langmuir equation to examine the theoretical adsorption of PAH
meclecules on diesel particles (Kraft et al, 1982) and
practical affects on carboné (Daisey et al, 1984; Ross
et al, 1982). Kraft et al (1982) indicated that the
portion of PAH adsorbed on the diesel particle is zero at
200°C rising to 98% at 52°C (Fig 1.11). They assumed
that adsorption and desorption were in equilibrium and that the
mole fraction Y of all PAH which were adsorbed on the particles
could be calculated by the modified equation thereby relating
the fraction of surface area cccupied by the adsorbate to the
partial pressure of the hydrocarbon gas and the temperature.
The results are summarised in Fig 1.11 which shows the mole

fraction Y varying with temperature.

Ross et al (1982) studied the isosteric heats of







adsorption of benzene on diesel particulate matter. He concluded
that diesel soot contains high energy adsorption sites which
become occupied by SOF. When a monolayer had formed, multilayer
adsorption would occur requiring lower interaction energies.

The molecules adsorbed ontc the high energy sites would be
tightly bound., but additional layers of adsorbed hgdrocarbons

might be more easily liberated.

It can be seen therefore that temperature influences
adsorption. As these sites fill so multilayer adsorption occurs
and these processes may be influenced by the adsorbate itself.
However, these theoretical and simple experiments fail to
examine actual exhaust particles produced from a Qa?iety of

engine conditions.
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1.5 OBJECTIVES OF THIS RESEARCH

1) To design and develop an experimental system capable of
producing an artefact-free diesel particulate sample so that the
interaction between DP and UHC may be examined in the exhaust at

ambient temperatures.

2) To study the physical and chemical nature of the soot and UHC

fractions of the DP.

3) To compare the emissions of UHC and soot from different
types of engines (DI and IDI), when operated at different engine

conditions.

4) To relate the research findings to the engine cylinder
processes and envirconmental emissions, thereby producing results
of significance for engine manufacturers and environmental

scientists to aid in the formulation of control strategies.
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CHAPTER 2 DIESEL PARTICULATE FILTRATION

Filtration may be defined as the separation of solids from
liguids and gases by passing a suspension through a permeable
membrane medium which retains the particles (Svarovsky 1981}).

In this research diesel particles are suspended in a fast
flowing high temperature exhaust gas stream of gaseous
hydrocarbons and other gases. The objective of this research is
to examine the physico-chemical relationship between the diesel
particles (or particulate)(DP) and unburnt hydrocarbons (UHC)
which may adsorb and/or condense onto the particles as exhaust
gas temperature declines. It is therefore essential to maintain
particulate integrity during filtration. In this study a
significant amount of attention was given to the design and
construction of an accurate sampling system and the selection of

a suitable filter media.

Diesel combustion produces diesel soots which contain upto
10® carbon atoms with mean particle diameters between 5 and
100nm (Smith, 1981; Medalia and Rivin, 1982). These sub-micron
sized particles may aggregate to form aciniform carbons having
long chains of particles of an open fluffy structure.

In addition, UHC from the partially pyrolysed fuel and
lubricating o©il are released. As exhaust temperature declines
the highly porous carbonaceous DP may chemically adsorb (or

condense) the UHC depending on individual hydrocarbon boiling
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points. <Concentrations of UHC and DP depend on engine condition
(lcad, speed, timing etc) and engine stcichiometry which

influences combustion temperature.

The research required the separation of DP from gaseous
UHC to occur at a range of sample temperatures, pressures and

locations down the exhaust system.

The filtration criteria were as follows:

1) To collect sufficient scot mass for physical and
chemical analysis.

2) To collect a representative sample.

3) To prevent the formation of physical and chemical

artefacts.
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2.1 PARTICULATE ARTEFACTS AND FILTRATION SYSTEMS

Filter systems may be subject to physical and chemical
artefact formation, that is the possibility of forming "false"”
particulate (matter formed, altered or destroyed by the
filtration process) or chemically altering adsorbed UHC
species. A recent report by the Diesel Exhaust Combustion
Group of the Coordinating Research Council (CRC, 1980} reviewed
published literature, particulate sampliﬁg data for dilution
tunnel filters, and artefact formation. The group identified
particulate filtration problems associated with engine produced
mass emission variations, the sensitivity of measured
particulate mass to dilution parameters, and random errcrs in
the independent measurements which comprise a particulate
measurement. They stated that no one filter could meet all
sampling needs due to these problems and artefact formation.
Furthermore, they identified several areas for further work, of
which the need to investigate heat transfer reactions and
particulate-hydrocarbon interactions between the exhaust valve

and filter were of importance.

Chemical artefacts are changes tc the organic species
present in the exhaust via gas—-phase chemical reactions, for
example, enhanced nitro-PAH has been identified as a chemical
artefact. Nitric acid is a trace constituent associated with

the presence of nitrogen dioxide (Pitts et al, 1978) and may
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cause the nitration of PAH in the exhaust. Filter methods
{e.g. a dilution tunnel) usually have long sampling times when
proportional splitting is employed. These long sampling times,
of perhaps 45 minutes or more, may allow the nitrification
reactions to occur on—-filter. Schuetzle (1983) estimated that
chemical conversion during dilution tunnel sampling accounted
for 10-20% of the nitro-pyrene found in diesel exhausts.

He also concluded that the problem of PAH loss and nitro-PAH
formaticon during filtering on PTFE coated filters from a
diluted exhaust containing less than 3 ppm NOz, could be
minimised by using sampling times of <46 minutes and sampling
temperatures of <43°C. Recent work by Williams (1985)
emphasised that thermal decomposition and chemical reactions of
PAH occur very rapidly above 200°C in the exhaust and that

the life-times of some PAH species, could be very short.

The influence of temperature and contact time between
particles, filter and PAH during exhaust nitrification, does

not appear to have been studied.

Sulphate and nitrate artefacts have been identified (CRC
1980). Sulphuric acid vapour has been shown to enhance the
sulphate content of particulate, and this effect is directly
related to the glass composition of the filter. Nitrate
artefacts, both positive and negative changes to particulate
mass, have been identified (Harker et al, 1977; Stevens, 1979).

Nitrate wvariations were summarised by Shaw et al (1979) as
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being from gaseous nitrates and nitrate loss due to on-filter
reactions between the particulate and HzSO4.

Additional chemical artefacts might come from filter
contamination during any solvent extraction and poor

experimental technique.

Physical artefacts can be formed during filtration and
particulate collection. One must ensure that during
filtration, factors such as; dilution, back pressure,
temperature, moisture content of filter, handling and sampling

procedure do not unintentionally change the sample.

2.1.1 DIESEL PARTICULATE SAMPLING SYSTEMS AND METHODS

A variety of sampling devices have been applied to diesel
exhaust measurement and have been reviewed extensively (Lee and
Schuetzle, 1983; Mills, 1983; Schuetzle, 1983; Stenburg
et al, 1983). The Anderson Impactor (Vuk et al, 1976) has
been used for diesel soot collection but failed to filter
80-90% of the smallest particles. Chan et al (1981) used an
electrostatic precipitator to trap particles, but reactive ozone
formed during corona discharge may transform the organic
species adsorbed on.the particles. The industrial techniques
of cyclone and settling-tank separation suffer the problems of
dilution, artificial c¢ondensation and cooling of the gas

stream. Resin traps (e.g. Amberlite XAD-2 used by
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Brorstrom-Lunden and Lindskog, 1985) have also been used for
hydrocarbons after the filter; but may be subject to n-PAH
artefact formation (as reviewed by Pellizzari et al, 1975).
The dilution tunnel and solvent scrubbing techniques have been

most commonly employed.
2.1.2 THE DILUTION TUNNEL

The majority of sampling systems follow the US
Environmental Protection Agency (EPA} dilution tunnel layout
(Schuetzle 1983) (Fig 2.1). It is designed to simulate the
dilution of wvehicle exhaust during the first couple of minutes
in ambient air, after release from vehicles on the road. The
process of dilution allows condensation of the majority of UHC
onto the particles at 52°C, the rest passing through the
filter. The dilution tunnel operates on the principle of
diluting the whole exhaust, typically with a 12:1 flow of cold
air, thereby reducing the gas temperature to 52¢°C. For
regulatory purposes, soot mass measurements are taken by
splitting the gas flow and filtering a small proportion of gas.
Extraction of the UHC is typically by the soxhlet extraction
technique (24 hours) using dichloromethane {DCM)}. Perez et al
(1984) detailed the extractable fractions from dilution tunnel

samples (Fig 1.10).

The dilution tunnel has many disadvantages; it has a long
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sampling time which enhances artefact formation, it is
difficult to adapt to temperature studies, it is expensive to
construct and operate, different tunnels have different ‘
dilution ratios and thus give variable results, and the soxhlet
method fails to extract all of the available hydrocarbons.

The dilution tunnel is largely a regulatory collection system

for diesel particles.

This study required a filtration system that could rapidly
collect sufficient DP mass to investigate the solid/gas
reactions occuring at temperature as the DP travelled down the

exhaust.
2.1.3 SOLVENT SCRUBBING SYSTEMS

Solvent scrubbing systems have been developed to collect
UHC either in gaseous or DP-adsorbed form. Grimmer et al
(1973) developed a vertical condenser system proceeded by a
large particulates filter. This was improved by Kraft et al
(1981) facilitating better sampling and Stenburg et al (1983)
who used a cryogradient technique for sampling part of the raw
exhaust. A more effective method was detailed recently by
Petch et al (1987) who employved the Total Exhaust Solvent
Scrubbing Apparatus (TESSA) which stripped gasecus UHC into
solvent. This method for hydrocarbons, developed at Plymouth

(Fig 2.2}, suffered from glass fragment and rust contamination
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of DP mass caused by the exhaust gas abrading the internal
graded glass tubing, thus making it unsuitable for DP mass
emission studies. Furthermore, this research has suggested
that TESSA is appropriate for the extraction of gaseous UHC and
surface adsorbed species, but fails to extract tightly-bound
microporous UHC. These methods do not study the interaction of
UHC on DP because they extract adsorbed hydrocarbons from the

particles before particle analysis.

2.1.4 HOT WHOLE EXHAUST FILTRATION

The alternative methods failed to meet the filtration
criteria, because they did not collect a representative sample
of sufficient mass and sample integrity, in an environment that
allowed investigation of the physico-chemical relationship
between the DP and UHC compounds at ambient temperatures.

To do this, the technique of hot whole exhaust filtration

was developed to produce an artefact-free scot sample, filtered
at exhaust gas temperatures to study both the particle
microstructure and chemical composition in the exhaust, a

system which overcame the deficiencies ¢f the dilution tunnel

and TESSA.




2.2 FILTER MEDIA

Collection of diesel particles is influenced by engine
condition and the characteristics of the filter media. Since it
is the former which is under analytical investigation it was
prudent to find out how the filter might affect measurements of
engine performance. Quantitative filtration (by mass) has been
shown to be influenced by such characteristics as media
construction, moisture retention, adsorption of organic (dibutyl
phthalate) vapour and fibre blow-off during particle collection

(CRC 1980).

Particle collection efficiéncy is influenced by filter
porosity and particle size. Two filtration mechanisms occur,
often co-existing; caking (Fig 2.3) and depth filtration
{Fig 2.4). Caking occurs with a surface filter, when particles
of the same size or larger than, the pore openings, wedge into
these openings and create smaller passages which remove even
smaller particles from the gas stream. With a depth filter, the
particles are smaller than the filter medium openings and may
proceed through relatively long and tortuous pores before being
trapped internally (Svarovsky 1981). 1In this research the
Pallflex.medium (Fig 2.5) showed some surface filter action to
the sub-micron sized particles and gave high collection
efficiencies. However some particles were still buried within

its matrix. Unfortunately these buried particles may contribute
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significantly to scot mass and surface area measurements.
Filtration for hydrocarbons employed the Box Cassette Filter and
Whatman QM-A filter (Fig 2.6) which showed depth filtration

characteristics.

Diesel engines produce particles in the sub-micron range,
often associated with high levels of moisture and organic
vapour. For these reasons, mass measurements and efficiencies
must be cafefully examined. The results of the CRC survey,
indicated that no one filter was ideal for all potential filtration
requirements, and that the selection of a filter media depended
upon it's application. Different media showed different
sensitivities to selected test variables. The factors of
particulate collection efficiency, pressure drop, moisture
sensitivity, blow—-off, commercial availability, and handiing

ability were all important considerations in the choice of filter.

Filter composition proved an influential constraint on
selection. Filters with synthetic polymers show high organic
vapour pickup, whereas glass fibre and PTFE filters do not, but
the glass fibre media, do have a high moisture retention
potential (CRC 1980). The report selected four of the most
promising media, of which the Pallflex T-60 was included.

The Pallflex EMFAB TX-40 medium used in this research is
identical to the T-60 filter varying only in density and higher

sub-micron particle collection efficiency, which caused higher
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pressure drops for nearly dispersed DOP {(dioctyl phthalate)
particles (Kittelson et al, 1984). Kittelson ana co-workers
showed that the pressure drop was a function of loading, not
filter media type. The fluorocarbon-based filters are currently
required for particulate collection in EPA emission
certification of light-duty diesel engines and unlike glass
fibre filters do not catalyse the oxidation of soot (Lin and
Friedlander, 1988). The choice of filter media was shown by
Lindskog et al (1987} not to catalyse the chemical
nitrification of_PAH although it might alter the chemical
species in other ways. Lee et al (1980) demonstrated that

glass-fibre filters enhance the oxidation of benzo(a)pyrene.
2.2.1 RATIONALE FOR FILTER SELECTION

Selection of a suitable filter media depends on the purpose
of the sample. 1In this study the media needed a low reactivity
to prevent artefact formation, to have a sufficient collection
efficiency for sub-micron sized particles, and yet not to be
prone to excessive pressure drops which may break the filter or

alter loading rate.

Choice of filter changed with filter system development.
Initially, Whatman QMA (Fig 2.6), a high purity quartz filter
was used for reasons of availability, resistance to chemical

degradation, low nitrate and sulphate artefact formation
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potential, and wou}d collect particles of the size >0.§Pm with a
retention level of 99%. This medium however was moisture
sensitive (measured thermo-gravimetrically as being 0.6% w/wW),
was physically weak and proved inconsistent in sampling, often
suffering considerable blow-off and break-up effects when
exposed to high gas velocities. It operated by the depth

filtration mechanism with considerable DP burial.

The EPA selected the Pallflex EMFAB TX-40 type of medium
(Fig 2.5) for light-duty diesel vehicle certification. It has a
filter efficiency of 99.8% for particles of >0.03§Pm size range,
which was found to be the size of incipient diesel particles.
It was thermally stable to 440°C (measured thermo-
gravimetrically at s.t.p), more durable than the QOMA medium
having a stronger weave pattern. The addition of fluorocarbons
({PTFE) formed a web between fibres, so reducing pore size.
This media resisted organic and moisture-gas reactions, having a
low moisture content (experimentally measured at 0.2% w/w).

A summary of filter properties is listed in Table 2.1.
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WHATMAN QM-A PALLFLEX TX-40
Base Weight 85g/m’ 55.6g/m’ *20%
Thickness 0.45mm 0.125mm-0.24mm
Bulk Density 180kg/m’ 280kg/m’-360kg/m’
X-ray Density 2250kg/m’ 2080kg/m’
Composition Ultra-pure Pure Borosilicate Glass Fibre
Quartz (Si 0.,)/ | bonded with Teflon
5% Borosilicate | Fluorocarbon (TFE)
Glass Fibre
Temperature 500°C at s.t.p. 440°C at s.t.p.
Resistance
Particle 99.9% of 0.6pm 99.9Z of 0.035pm
Retention particles at particles at
Scm/sec face 5cm/sec face
velocity velocity
Special - Low Nitrate and |Resists Moisture/Gas
Properties Sulphate Artefact|reactions due to

Moisture Content
(determined
experimentally)

Specific Surface
Area (SSA)

Table 2.1 Technical Data on the Filters used in this Research.

Formation due to
Purity

0.6% w/w

Teflon

0.27 w/w

2.47m° /g 5%

(Whatman and Pallfex Inc, 1988)
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2.2.2 FILTER HANDLING PROCEDURE

For chemical analysis, QMA filters were pre-extracted by
solvent elution in a TLC tank (with DCM) and then equilibrated
at a relative humidity of 60%, to a constant weight, in a light
sealed box. The Pallflex TX-40 media, being more chemically
resistant were not pre-extracted and oniy equilibrated.

All filters were weighed before exposure to the exhaust, and
after exXposure were re—equilibrated and re-weighed to obtain a

DP mass loading.

Mass data was taken uQing the TX-40 medium because it was
less sensitive to moisture and was used to collect soot over
longer sampling times. Chemical analysis was initially
performed on the QMA filters, but later using the Improved
Cassette Filter System, TX-40 media were employed for the

thermal degassing (TD) chemical extraction method.

Details of the experiments carried out with each media type
are presented in Chapter 3. Recently obtained data (Rittelson
et al, 1984) suggested that membrane filters (e.g. Zefluor)
might be more advantageous for future work. Membrane filters
have well defined pore structures and particle collection is
therefore mostly by the surface filtration mechanism, which
should be easy to remove by mechanical means therby aveiding

lengthly solvent extraction methods.
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2.3 ENGINE FACILITIES

2.3.1 RESEARCH ENGINE RICARDO E6/T

This research employed the use of a Ricardo E.6/T single
cylinder, four-stroke, poppet valve, reciprocating internal
diesel combustion engine with a compression ratio of 22:1,
cylinder bore of 72mm and a piston stroke of 105mm (Fig 2.7)
(see Trier, 1988 for full details). The engine had a Comet
Mk.V swirl chamber head, which is connected to the compression
cylinder by a narrow passage and thus is defined as indirect
injection (IDI}). The standard fuel used was BP gas oil
(a class A2-Derv, BS-2861970) with the following physical
characteristics; density 840kg/m®, sulphur content 0.5%,
boiling peoint range 200-360°C and a viscosity of 35sec (on
Redfern Scale). The lubrication o0il was Shell Rimula X {15/40)
with a denéity of 887kg/m?® (at 15°C), aromatic content of
25-30%, close-flash point of 208°C and a sulphated ash content
of 1.3%. The engine was set on a fixed bed with a hydraulic

dynamometer for steady state engine operation.

Before each sampling session the engine was preconditioned
to its maximum operating condition to preheat the conbustion
chamber (3000rpm speed, 24.7Nm load, 80°C circulating
water, 60 minutes) and then stabilised tc the required engine

state. Single cylinder engines are notorious for their variable
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performance and are difficult to stabilise, particularly at low
loads. The Ricardo E6/T engine was used for development of the
filter system, culminating in numerous experimental series

using the Improved Cassette Filter (ICF}.
2.3.2 RESEARCH ENGINE FORD

A Ford, four cylinder (2.51) in-line OHV, four-stroke
reciprocating engine with a cylinder bore of 93mm, piston
stroke of 90mm, compression ratio of 19:1 and direct injectién
(DI), was also employed for samples. It used the standard fuel
and lubrication ©il and was coupled to a Froud hydraulic

dynamometer.

This engine (at the time of thesis submission) had just
been commissioned, and therefore only preliminary comparisons
with the Ricardo E6/T engine are reported. Samples were
collected with the ICF using the same sampling procedures
outlined for the Ricafdo engine. The ICF was connected to the
exhaust system by‘an approximate 75% split, to collect DP
samples for analysis. Further details may be found in later

chapters and under Experiment 4A.

56




2.3.3 ANCILLARY EQUIPMENT

Additional devices were available to monitor engine
performance and exhaust emissions;:

1) Inductive needle 1ift transducer (Cussons)

2) Degree marker system for engine timing (Cussons)

3) Piezo pressure transducer in-cylinder (Cussons)

The data generated by the instruments were captured by a
Transient Recorder (Datalab) which obtained single 'snap' shots
of the engine cycle at any desired engine condition. A Gould

Oscilloscope and Apple IIe micro computer were available for

data recording and presentation.

Exhaust gas analysis was performed with a Lamdascén
(Cussons), which gave a continuous and direct measurement of
mass air/fuel ratio, equivalence ratio (lambda), and residual
oxygen, together with a Long. Line Emissions Trolley loaned by
Perkins Technology Business, which gave- - continuous and direct
measurements of CO, NOx, and HC in the exhaust.

These emissions trolleys were fitted to the exhaust system by
heated sample lines (at 180°C to 190°C) and protected

by a heated sample filter (which.removed particles but not
gaseous hydrocarbons). The HC levels were measured by a heated
flame icnisation detector (HFID), the NOx levels by a
chemiluminescence system and the CO levels by non-dispersive
infra-red, the theory of which was reported by Wheeler (1984).

The emissions data was used to select the sampling conditions.
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2.3.4 RICARDO EMISSION MAPS

A variety of engine parameters were measured over the full
range of engine conditions to provide a standard set of
operating conditions from which to carry out further research.
The results presented in Table 2.2 show the parameters measured
for the Ricardo engine. No emissions data base had been
obtained for the Ford engine at the time of thesis submission.
The exhaust emissions (HC, CO, NOx and Bosch Smoke N°)
were plotted on contour maps (Figs 2.8-2.11), by Perkins
Technology Business. These emission maps were used to set

the sampling conditions so that reproducible samples were obtained.
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SPEED  LOAD HC NG oo AFR LAMDDA - OXYGEN  FUEL INJECTION TIMING BOSCI N"

Tpm Nm ppm ppm rpm h4 em’/min  Stnrt Finlsh
deg WEIXD deg ATIXG

3000 1.6 490 129 330 48.4 3.3 14.3 19.4 4.0 37.0 0.7
3000 9.1 165 329 220 32.5 2.2 11.3 27.8 4.0 38.0 1.1
3000 13.7 95 431 210 6.6 1.8 9.2 34.1 4.0 40.0 1.5
3000 18.3 75 503 220 22.4 1.6 1.3 41.1 3.0 42.0 5.6*
3000 22.9 50 586 420 18.3 1.2 4.0 50.0 3.0 43.0 3.2
3000 24.7 25 718 800 16.4 1.1 2.1 55.6 3.0 43.0 4,6
2750 1.6 330 120 235 53.2 3.7 14.9 16.3 5.0 32.0 0.6
2750 9.1 250 347 160 35.2 2.4 12.3 23.6 7.0 34.0 0.8
2750 13.7 170 515 60  29.3 2.0 10.2 28.8 6.0 35.0 1.0
2750 18.3 110 550 150 24.0 1.6 7.9 35.7 5.5 36.0 1.7
2750 22.9 60 718 220 19.3 1.3 4.8 43,5 5.0 38.0 2.9
2750 25.6 50 688 900 17.1 1.2 2.8 49,2 5.0 39.0 3.6
2500 1.6 230 120 250 60.0 4.0 15.6 13.4 8.0 28.0 0.3
2500 9.2 220 347 160 36.5 2.5 12.9 20.3 8.0 30.0 0.5
2500 13.7 205 461 230 31.3 2.1 10.8 23.3 8.0 30.0 0.8
2500 18.3 105 539 270 25.0 1.8 8.7 3l1.2 8.0 31.0 1.6
2500 22.9 60 -580 . 200 21.0 1.4 6.1 37.0 7.0 33.0 2.3
2500 26.5 45 652 875 17.3 1.2 3.2 44.1 7.0 34.0 4.1
2250 1.6 235 138 210 62.0 4.3 15.7 11.5 8.0 23.0 0.2
2250 9.1 260 371 195 38.0 2.6 12.6 18.3 9.0 25.0 0.7
2250 13.7 220 461 230 31.7 2.2 10.9 22.6 9.0 26.0 1.0
2250 18.3 140 527 265 6.2 1.8 9.0 27.3 9.0 27.0 1.1
2250 22.9 115 556 210 21.6 1.5 6.5 32.6 8.0 29.0 1.9
2250 28.8 70 634 250 18.9 1.3 4.6 37.5 7.0 30.0 3.3
2000 1,5 250 las 170 64.0 4.3 15.9 9.9 3.0 18.0 0.1
2000 9.3 190 455 140 8.7 2.7 12.9 16.0 10,0 19.0 0.7
2000 14.2 225 503 220 32.0 2.2 1.1 19.0 10.0 20.0 0.8
2000 18.7 125 574 210 26.5 1.8 9.1 23.8 10.0 22.0 0.8
2000 23.6 B0 574 240 23.2 1.6 1.4 27.8 10.0 2.0 1.5
2000 29.5 50 562 380 18.0 1.2 3.6 36.1 10.0 25.0 2.7
1750 1.6 310 203 170 65.0 4.5 16.1 8.7 11.0 12.0 0.1
1750 9.1 165 514 110 8.5 2.7 12.7 14.2 12.0 16.0 0.2
1750 14.6 145 532 120 32,6 2.2 11.3 16.8 13.0 16.0 0.3
1750 18.3 110 568 135 7.4 1.9 9.4 20.4 13.0 17.0 1.5
1750 22.9 100 503 195 23.5 1.6 1.8 23.8 i3.0 19.0 1.7
1750 27.9 105 503 375 19.8 1.4 5.4 28.8 14.0 21.0 3.1
1500 1.3 20 273 105 60.3 4.7 16.3 7.1 15.0 12.0 0.1
1500 9.1 95 473 95 43.3 3.0 13.7 11.0 17.0 10.0 0.1
1500 13.7 75 485 100 35.7 2.5 12.2 13.5 17.0 12.0 0.6
1500 18.3 75 449 179 3.0 2.1 10.3 16.4 16.0 14.0 1.7
1500 22.9 70 407 225 25.6 1.8 8.7 19.4 15.0 16.0 2.7
1500 27.4 g5 323 460 206 1.4 5.9 24.6 15,0 20.0 4.5
1250 1.4 20 263 110 n.7 4.8 16.5 5.5 19.0 7.0 0.1
1250 26.5 180 437 205 22.4 1.5 6.9 20.0 18.0 16.0 4.5
1000 26.5 120 443 190 21.3 1.5 6.4 16.1 19.0 12.0 0.1

POWER may be calculated in kw: Power (kw) = Load (Mm) . Speed (rpm)
9543

Table 2.2 Ricardo Emission Data for Emission Maps
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2.4 FILTER SYSTEM DESIGN

-The filtratiocn progrémme dictated that the filter design
should collect sufficient soot for thermogravimetric and
chemical analysis at all engine conditions and that the sample
should be free of physical and chemical artefacts. The system
had to give reliable results, measure all relevant parameters,
be easy to use for rapid sampling and the sample should be taken
from a variety of sampling positions. These objectives were
achieved over a 3 year period after extensive prototype
development. Some of the filter designs were inherited from a
previous worker. All designs were employed with the Ricardo
E6/T engine. The Ford engine exhaust was only filtered with the

Improved Cassette Filter.

2.4.1 MINI CASSETTE FILTER

This small brass filter was constructed to provide samples
for electron microscope studies. The exhaust sample was
collected via a sample probe using vacuum suction onto a small
QOMA filter. This method could not collect sufficient sample
mass for thermo-gravimetric analysis. The Mini Cassette Filter

is shown in Fig 2.12.
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2.4.2 BOX FILTER SYSTEM

A series of box filter designs were considered and
constructed. The final design is shown in Fig 2.13. In-house
design and construction was considered the most feasible method
for development because of budget constraints and the need for a
flexible design approach. Early designs suffered from poor
operation and a tendency for the filter to break during
sampling. Investigation into filter disintegration concluded
that the pulsating nature of the exhaust, from the single
cylinder engine, caused fibulations of the filter surface
leading to breakage. Gas velocity was also important and
although not measured, the narrow exhaust pipe {(2cm diameter) of
the early work, increased gas flow magnifying the fibulation and
disintegfation problem at high speeds and gas velocities.

This problem was partially overcome by applying a 600W vacuum
pump (gas flow 32 1/min) behind the filter to reduce filter
vibration. The vacuum pump was protected from the hot exhaust
gases by a heat exchanger. The wvacuum had no measurable affect
on engine performance unlike the filter system alone, which over
prolonged sampling times, reduced engine performance depending
on exhaust gas flow rate. 1In these cases, a drop of 100rpm
speed was used as an arbitary cut-off point for sampling to
obtain a sample at a given engine condition. Back pressure was
evaluated and it was found that the high load engine conditions

caused a pressure across the filter of between 35-47mm Hg
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depending on filter location. These data are shown in Table 2.3
along with exhaust gas temperature, and shows that gas velocity
- and soot loading were critical to filter break-up. It was noted
(reported in Chapter 4.1) that drop-out increased down the
exhaust thereby reducing the lcading on the filters. Further
problems were encountered when trying to obtain a supportive
backing plate for the filter. It was found that the backing
plate required a minimum hole {imm diameter) density of

16 hole per cm?.

The final design consisted of a filter box, cooling element
and vacuum, with two sample positions separated by 2m of narrow
bore steel exhaust (Fig 2.14}. It was used extensively for the
early experimental studies. It was the first design to allow
regular sampling using beth filter media. However each filter
had to be individually loaded, sealed and run, thus consuming

considerable research time.

2.4.3 BOX CASSETTE FILTER

The Box Cassette Filter (BCF)(Fig 2.15) was modified from
the box filter design and increased the rapidity of filtration
by the addition of a sliding filter holder. It incorporated all
the system features of previous designs and could filter
repeatedly without fault. Exhaust exposure area was 12cm?.

Experiments were carried out in association with temperature and
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filter pressure monitoring. Valuable data and samples were
collected and used for microstructural analysis and UHC

characterisation.

During TX-40 filtration, it was found that only over-
fuelled high load samples provided sufficient surface cake for
mechanical brushing of DP from the filter. At other engine
conditions especially low loads, the soot became inaccessible,
being buried within the filter matrix. Microstructural
characterisation required a DP mass of »>20mg for normal
operation. To¢ obtain this quantity of buried DP, an

ultrasonication method was developed (UDCM method).

A further problem with this system was socot caught behind
valve 2 (Fig 2.14) when it wa§ shut, and when opened the DP was
swept ontc the filter, giving higher masses. To minimise this,
filter insertion was carried out between brief times of valve
closure (<30 seconds). The combined problems of the narrow
exhaust pipe and small filter area, caused back pressure effects
which reduced engine performance as with the previous design.
Furthermore, accurate filter-exposure timing during soot
collection was awkward, requiring synchronisation of the twin
exhaust valves (Fig 2.14) by the operators. This could lead to
timing errors over short sampling periods. Therefore after this

initial study a new working filter system was commissioned.
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2.4.4 IMPROVED CASSETTE FILTER SYSTEM

The Improved Cassette Filter (ICF) System (Fig 2.16) was
constructed to facilitate the collection of sufficient soot for
brushed extraction, especially at low load engine conditions.
Unfortunately despite enlarging the system to allow longer
gsampling (5 minutes), the soot could still not be physically
removed from the filter at low locad. The diesel particles were
buried and further lengthly exposure would only enhance the
possibility of artefact formation. On-filter degassing and
surface area determination were therefore developed to analyse

the soot.

The ICF system had a compressed air operated piston valve
(Fig 2.17) for rapid operation and accurate exposure timing.
The filter system was positioned left of the engine, constructed
of stainless steel and with a wider bore {(4.5¢cm diameter), did
not constrict gas flow. The filter area was increased to 20cm x
25cm, a standard filter size. Flanged 1m pipes could be joined
together to extend the length ¢f the exhaust, upto 4.3m. The
wider exhaust and larger exposure area minimised engine
back-pressures. The Pallflex filter medium had a low heat
capacity and therefore did not require pre-heating.
Exhaust gas temperatures were measured with a thermocouple probe
connected to an electronic thermometer (Comark). Pressure was

measured across the filter with a mercury manometer. The full
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working System is demonstrated in Fig 2.18.

Table 2.4 details the combined témperature and pressure
measurements obtained with the ICF. Fig 2.19 shows how the
pressure changed witn sampling. The system showed less pressure
drop across the filter compared to the BCF during all sample
conditions. The temperatures and pressures reflected the
emission conditions, showing that exhaust temperature increased
with increasing speed and load, and that pressure differences
were highest when full load was operated. The 1.3m sample
position showed an increasing pressure across the filter which
indicated that trapping and filter pore blocking was
continuously occuring. At other positions, the pressure
stabilised indicating that the process had equilibrated.

Both temperature and pressure decreased along the exhaust as
temperature declined and particles 'dropped out' onto the
exhaust pipe wall. When DP lcading was high the DP adsorbed
heat and lowered the exhaust temperature behind the filter.
This feature caused a 20% decline in temperature, but d4id not
occur at low load when the holder acted as a heat sink. It was
found that if the holder was exposed to the gas stream alone,
then the post-filter temperature would increase by about 20%,
because the brass holder re-radiated energy to the gas. It was
decided that despite the temperature change during filtration
itself, the measured exhaust gas temperature without filter,

would be defined as the actual exhaust temperature to
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ENGINE CONDITION

Exhaust

Maximum Pressure

Exhaust Gas

Speed Load Distance Temperature Difference Across | Velocity
(rpm) (Nm) (m) (°C Filter (1/min)
(mm Hg)
1500 13.7 1.3m 165°C 16mm Hg 3751/min
: oo 3:3m . 240°C 9mm Hg
4.3m - 80°C 10mm Hg
27.4 1.3m 240°C 29mm Hg
3.3m 170°C 22mm Hg
4.3m 120°C 18mm Hg
1750 14.2  1.3m 181°C 12mm Hg 4381/min
3.3m 120°C 8mm Hg
4.3m 97°C No Sample
27.9  1.3m 245°C 31mm Hg
3.3m 172°C 21mm Hg
4.3m 109°C 18mm Hg
2000 14,6 1.3m 183°C 12mm Hg 5001/min
3.3m 140°C 13mm Hg
4.3m 119°C No Sample
29.5 1.3m 248°C 27mm Hg
3.3m 215°C 13mm Hg
4.3m 130°C 36mm Hg

Table 2.4 Maximum Pressure Across ICF Filter and .Exhaust Gas

Temperature, noted during Series 1C,
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standardise the data.
This system was employed to characterise diesel particulate

from a full experimental series (Series 1C) with evolved gas

analysis of the thermally degassed FES.

76

76




2.5 PROCEDURES AND VALIDATION OF SYSTEM

The research initially focussed on the construction of a
filter system tailored to the Ricardo E6/T single cylinder
diesel engine and its exhaust output. Considerable development
time was spent over-coming the problems of collecting a hot
whole exhaust sample. Later a series of experiments collected
data for UHC and soot analysis using the Box Cassette Filter.
Both of these experimental programmes showed further problems in
the system and lead to the development of the Improved Cassette

Filter System.
2.5.1 PRECONDITIONING

Before any quantitative measurements could be made, the new
ICF exhaust system was pre-conditioned, that is ccated with soot
to form an equilibrium state between deposition and removal from
the pipe walls. Contact with Perkins Technolecgy Business
{personal communication, 1987) revealed that a dilution tunnel
required approximately 10 runs for this apparent equilibrium
state to be achieved. Evidence from several experimental runs
showed that particle 'drop-out' onto the exhaust pipe wall, still
occurred even after over 50 hours of operation due to the
pulsating flow and high exhaust gas flow. Thus no equilibration

could be achieved.
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2.5.2 SAMPLE COLLECTION

The soot samples were collected using the pre-weighed
Pallflex TX-40 filter loaded into the Improved Cassette Filter
holder. The exhaust system was pre-heated and pre-equilibrated
for 15 minutes, following engine warm up for 60 minutes at

3000rpm, 27.4Nm, 80°C circulating water temperature.

The ICF holder was inserted into the ICF unit whilst the
valve switched exhaust flow to the exhaust extraction system.
The flow was immediately redirected onto the filter for the
sample time (usually 5 minutes). Simultaneously temperature and
pressure measurements were recorded. The coefficient of
variation for filter sample mass was ¥ 20% for BCF and

t4% for the ICF, which showed the improvement in reproducibility

of the newer systemn.

After filtration, the exhaust was redirected to the
extraction system, the filter was removed to be placed in a
humidity box (RH 60%), re-weighed after 24 hours and then stored

in tinfoil envelopes, at 4°C, in darkness until analysis.
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2.5.3 CONCLUSIONS ON SAMPLE INTREGITY IN THIS STUDY

It was difficult to assess the potential for physical and
chemical artefact formation except to minimize the exposure time
required by the sampling method. Chemical artefact formation
might be assessed along the lines of Schuetzle (1983) who spiked
the filter with PAH compounds and then measured the transformed
nitro-PAH's. This was carried out at 52°C in a dilution
tunnel when the PAH compounds selected would be unlikley to be
removed by evapofation. Lindskog (1983) however suggested that
spiking experiments were inappropriate for gtudying
nitrification because any spiked solution adsorbed on
particulates would remain unexposed to exhaust gas and thereby
confuse quantification. Suffice it to say. the short sampling
times considerably reduced the artefact formation potential and
the work was specifically directed towards investigating the
physico-chemical effect of UHC adsorption on the soot structure
rather than specific PAH reactions. It was concluded that the
Improved Cassette Filter System minimised the formation of

physical and chemical artefacts.
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CHAPTER 3 THE CHARACTERISATION OF DIESEL PARTICULATE AND

ADSORBED UNBURNT HYDRCCARBONS

The characterisation of diesel particulate (DP) required
that a range of analytical techniques be applied to the soots
along the lines of Medalia and Rivin (1982) for carbons.
Physical characterisation employed a gas adsorption microbalance
technique (BET method) to measure specific surface area (SSA)
and peorosity, and electron microscopy (EM) tc measure incipient
particle size. Chemical characterisation of the adsorbed
unburnt hydrocarbons (UHC) required extraction by the soxhlet
technique and the exhaust scrubbing system (TESSA), followed by
analysis using gas chromatography (GC). An evolved gas analysis
(EGA) system was developed to allow a solvent-free extraction

involving thermal degassing (TD).

The following chapter outlines the experiments undertaken,
methods employed and developments required during this research.
Particular attention has been paid to the BET SSA method and
development of the EGA technique since these have been employed
in a novel way. The EM and GC methods followed routine

practice.

Extensive experiments were carried out on the Ricardo IDI

diesel engine to characterise DP. Table 3.1 summarises these

experiments by series and method. Detailed methodology may be
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found in the appropriate sections. Experimental series were
carried out simultaneocusly with filter system development and

advances in experimental technique.

The Box Cassette Filter (BCF) was employed to obtain
background data. Series 1A collected soots for microstructural
characterisation using ultrasonic extraction with dichloromethane
(UDCM method). Series 1B examined the filter extractable sample
({FES) using soxhlet extraction and GC identification of the
hydrocarbons. The development of the Improved Cassette Filter
(ICF) system and TD technique (Series 1C) allowed characterisation
without solvent extraction, and facilitated gquantifiable
measurement of the interaction between DP and UHC, down the

exhaust.

Series 2A utilised the TESSA system (Petch et al, 1988} to
obtain a tower extractable sample (TES) of exhaust UHC before DP
adsorption had occurred. These total exhaust samples were
compared with the Series 1B FES samples. Additional experiments
investigated how extraction method affected FES and DP
microstructure (Experiment 3A) and compared the Ford DI engine
to the Ricardo IDI engine at similar operating conditions
(Experiment 4A). Experiment 5A, studied how the microstructure
of DP changed after thermal degassing at successively higher
temperatures (120, 190, 290 and 340°C) and collected the

degassed hydrocarbon fractions. This was carried out for high
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and low load engine exhaust soots, and facilitated a better

understanding of DP composition.




3.1 MICROSTRUCTURAL CHARACTERISATION OF DIESEL PARTICULATE USING

A NITROGEN ADSORPTION VACUUM MICROBALANCE TECHNIQUE

The specific surface area (SSA) and pore character of a
particulate sample can be determined by the application of a
Nz adsorption technique developed by Brunauer et al (1938)
and called the BET technique for SSA, and the Cranston and Inkley
(1957) method for pore structure. This method has been
previously employed at Plymouth (Carter, 1983; Glegg, 1987 and

Titley, 1988) for particles from a range of sources.

Surface area determination of a solid is regarded as
specific to method (preparation, analytical technique and
theoretical treatment (Van den Hul and Lykema, 1968)). Therefore
the diesel particles were prepared in a consistent way to ensure
that the S$SA data was intercomparable even though the SSA values

were not absolute.

3.1.1 SERIES 1A EXTRACTION OF DIESEL PARTICLES FOR MICROSTRUCTURAL

ANALYSIS

The Pallflex TX-40 filters functioned as a partial surface
filter, and some of the soot became buried within the filter
matrix, particularly at low engine loads when particulate
emission was low. Therefore it was found necessary to extract

the DP by ultrasonic extraction (with DCM) to obtain sufficient
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DP mass for the techniques of microstructural analysis.

Ten repetitive samples, taken at a variety of engine
conditions and filter positions with the BCF, were individually
extracted using a frequency sweep ultrasonic bath (150ml, DCM)
for 5 minutes. It was reccgnised that some hydrocarbons would be
extracted by this method. Each sample was filtered through a
single pre-weighed Millipore 0.45Pm filter in a vacuum assisted
Millipore filter apparatus. Particulate extraction efficiency

(from the TX-40 media) was 50-60%.

After drying in air, the DP could be scraped off the
Millipore filters to give an extracted particulate mass loading.
The filtered diesel scot was analysed for its physical
characteristics (specific surface area (SSA), pore size
distribution, physical shape and size). The objective of these
experiments was to provide fundamental size and SSA data, and to

compare different engine conditions.

The combined FES was reduced in volume by reduced pressure
rotary evaporation (30°C), transferred to a pre-weighed vial
and reduced to dryness by N: blow-down to obtain an FES
extracted mass, which was used to give an approximate figure for

the relative quantities of adsorbed FES.

85




3.1.2 THE VACUUM MICROBALANCE

The apparatus used to determine SSA and pore character was a
CI Electronics Mk 2B gravimetric vacuum microbalance constructed
in 1974 and used for carbons by Carter (1983). Adsorption of
Nz at -196°C was measured gravimetrically with microgram to
milligraﬁ sensitivity. The increase in particulate weight was
noted and plotted against the change in relative pressure of the
sample compared to atmosphere (P/Po). The micfobalance had a

maximum weighing capacity of 1lg and accuracy of 0.5Pg.

The balance head consisted of a photo-electronic bridge
circuit, maintained in a glass vacuum flask designed to work at
pressures down to 10-¢mm Hg. The balance operated with a
shutter system which opened or closed with weight change and
thereby induced a change in the relative illumination of the
balance photocells proportional to the weight change. This gives
the microbalance a rapid response time (<100ms), and it was
sensitive to internal changes in weight but not external
vibrations. The electrical output was fed to a compatible
analogue control unit.with,various counterweight ranges.

This was coupled by an electronic damping bridge to a chart

recorder for simultaneous data recording.

The balance was coupled to a two stage rotary pump (Edwards,

0.01lmm Hg maximum vacuum), a mercury manometer, a gas reservoir
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and a 'White Spot' Nz (99.9% .purity) cylinder. Fig 3.1
shows the complete vacuum microbalance system. This apparatus

has been further adapted for the thermal degassing experiments.

3.1.3 THEORY OF MICROSTRUCTURAL ANALYSIS AND CALCULATION OF

SPECIFIC SURFACE AREA

A solid will adsorb gas at a definite pressure. The amount
of gas adsorbed depends on pressure, temperature, nature of gas,
character of the solid surface and the adsorption process
{i.e. chemisorption and/or physisorption). Gas adsorption
isotherms can be determined by a plot of N: uptake against
pressure, for specific temperatures and gas types, and will
yield information about a solid surface (Gregg and Sing, 1982).
This allows characterisation of different solid surfaces based
on five different types of adsorption isotherm {(Fig 3.2) as
initially identified by Brunauer et al {1938} and often
referred to as the BET classification. These isotherms can be
interpreted to obtain a specific surface area value and pore
character due to liquid Nz condensation using available

theory, such as the BET model:
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p = 1 + _C-1 . p Equation 3.1
x(po -p) Xn C XoC Po
where x = mass of adsorbate/unit mass of sample
p = pressure of adsorbate gas {(mm Hg)
pe = saturation pressure of adsorbate gas (mm Hg)
C = energy constant, dependent on the nature of the
adsorbate/adsorbent system.
Xe = monolayer capacity (mg adsorbate/g sample)

The method employed is an extension of the work of Langmuir
-who regarded the surface of a solid as an array of adsorption
sites of equal energy. each site being capable of adsorbing one
molecule (e.g. nitrogen). The BET theory improves this concept by
including a multi-layer component. The coverage of the total
surface by the adsorbate {referred to as the monolayer capacity)
is proportional toc the surface area of the s0lid surface and the
BET equation can be employed to obtain an SSA measurement.
Despite simplifying assumptions (Adamson, 1976; Mikhail and
Robens; .1983) the BET technique is widely employed using
nitrogen gas as the adsorbate, and for Type II isotherms it is
remarkably successful (Gregg and Sing, 19867).

If the data are plotted as p/x{po-p) against p/po,
the graph will have a slope of:

C-1 and an intercept of 1

XnC Xa C

It can be shown that:

1 = C-1 + 1 Equation 3.2
Xm Xo C XmC

therefore the monclayer capacity can be calculated.
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The SSA (m2/g) is related to xm by the equation:

SSA = Xp .Na .An Equation 3.3
Mr

relative molecular mass (g)
Avogadro's constant (mol-1)
Area occupied by one adsorbate molecule (nm?)

where Mr
Na
Ap

The Am value for nitrogen gas is 0.162nm?2
{Adamson, 1976). This value is close to that caléulated from
the liquid density of nitrogen at its boiling point at the
sample temperature (-196°C). Substituting Mr, Na
and Asn into equation 3.3 gives equation 3.4 which can be
used to calculate the BET surface area. Fig 3.3 shows a typical
diesel soot BET plot determined from isotherm data.

SSA = 3.485.Xnm Equation 3.4

Pore character may be evaluated from the hysteresis loop
produced from the full adsorption/desorption isotherm. Porous
materials internally adsorb the gas which is then not released
as easily during desorption thereby producing a weight

difference at any partial pressure.

The position at which the hysteresis loop opens and closes
is indicative of pore size range (Gregg and Sing 1982) and has
led to the IUPAC classification of pore sizes:

Micropores diameter <2nm

Mesopores diameter 2-50nm
Macropores diameter >50nm

Pore shape may be estimated by examining the isotherm
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hysteresis (Fig 3.4), since the particular shape of the
adsorption branch can be related to the specific pore shapes

(Robens, 1980, Gregg and Sing 1982).

Using hysteresis loop data combined with the Kelwvin

equation:
Lo (p/poe} = —({(2V3I/rRT}) Equation 3.5
where V molar volume of adsorbing gas (m2®/mol)

surface tension of the condensed gas (J/m3)
pore radius (nm)

universal gas constant (JK-! mol-1)
temperature (K)

[ R I

HoRu

Taking V as 34.68cm®/mol; and j as
8.72x10-"J/cm?, allows pore diameter to be calculated

and an example is shown in Fig 3.4.

Barrer et al (1956) and De Boer (1958) characterised the
pore shapes to fit the hysteresis loops shown in Fig 3.5. Many
samples in this research showed open loop hysteresis where
nitrogen was irreversibly trapped either physically by narrow
pores of the same diameter as the nitrogen molecule and/or

chemisorbed to the adsorbent surface.

The density of adsorbents is used to calculate the
Archimedes buoyancy weight effect that occurs as the sample
tries to 'float' - thereby changing its weight in any

atmosphere. Diesel soot extracted from filters by the
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ultrasonication method is assumed to have a sample density of
2000kg/m?®, similar to graphite. Pure graphite has a density
cf 2265kg/m3, but in coals and cokes the structure is not

so perfectly crystalline and is taken to be 1900 or 2000kg/md.

On-filter analysis requires that the relative masses and
densities of soot and filter be used to calculate the final SSA.
The TX-40 media has a mean bulk density of 300kg/m® (measured
experimentally). However, bulk density is not appropriate for
this work because the porous filter has internal surface area.
Therefore the X-ray density was determined as being 2080Ckg/m?
from density data of borosilicate glass and PTFE assuming a
80/20 mix. This was determined by thermal degradation of a PTFE
filter in a muffle furnace (at 500°C in air). The filter media
was found to possess its own SSA measured at 2.47m? /g *+5% and

showed small amounts of porosity in all ranges.

The on-filter correction equation {(Equation 3.6) allows for
the relative masses of filter and DP and their respective SSA.

SSA of Soot

S: - (82 x Ra) Equation 3.6
R

Where S:1 the total SSA from Equation 3.4 (m?/g)
Sz the SSA from filter (2.47m2/g)
Ry ratio of the particulate dry mass divided by
total sample mass (Particles and Filter)
Rz ratio of the filter dry mass divided by dry
sample mass

The correction enables estimation of the SSA's on filters
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and it gave from a number of replicate samples (n=4) a

coefficient of variationlof *5%. However this method assumes
that the carbon deposited on the filter, does not firmly coat
the surface of the filter and that all of the surface of the

filter is accessible to nitrogen molecules.

But in some of the experiments, the surface area of the
filter with the carbons deposit was less than the surface area
of the filter alone and gave a negative SSA. Thus at least
some of the surface of the filter is coated with carbon
sufficiently firmly to be inaccessible to nitrogen molecules of
ohly 0.4nm diameter. The carbon acted as a micrb—pore blocking
agent for the filter, but 4id not contribute enough of its own
SSA to overcome the effect of its blocking. Thus a significant
proportion of the filter surface ceased to contribute to the
total surface area recorded. Assessment of the maximum SSA
(assuminé no filter contribution) revealed that for high lead
engine conditions the soot cake had indeed blocked filter pores
because maximum values were similar to corrected results.
However, for low load samples the correlation was poor and
values very different, because the filter was still making a

significant contribution to total SSA.

The maximum SSA's did not show the typical trend of
declining SSA with UHC adsorption down the exhaust, presumably
because the aggregation lead to enhanced drop-out in low exhaust

gas flows in the exhaust. Thus the total SSA increased, as the
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particle size distribution shifted to smaller particles within

the exhaust.

For this report, values that were calculated as negative
will be reported as being less than three times the filter SSA
(2.47m2 /g) i.e. 7.5m2/g, to express the idea that the

SSA were not detectable for some samples.

3.1.4 VALIDATION OF EXPERIMENTAL METHOD

The BET technique has been previously employed and
validated by Titley (1988). A silica standard from the National
Physical Laboratory (Ref M11-03) was used with a reported SSA of

151m?2 /g *0.2%. Control experiments reproduced this SSA.

The accuracy of the TX-40 media correction calculation was
tested by varying the standard silica mass on a known filter
mass. The SSA from a number of replicate samples was determined
to be 131m?2 /g +5%, indicating that the method gives good
intercomparison but lower SSA values than expected. The cause
of this was probably the density wvalue for the filter and not

the calculation.
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3.1.5 DISéUSSION OF EXPERIMENTAL ERRORS

Erroneous operation was minimised by experience and standard
samples. Mikhail and Robens (1983) reviewed microbalance
theory and application, and the most siénificant problems are

listed here:

1) Buoyancy errors-proportional to the increase in pressure
as liquid N2 in the dewar boils off. This was minimised by
keeping the dewar full.

2) Electrostatic fields present between glass and sample
whilst under normal pressure. This was reduced by application
of an anti-static vacuum grease, fine glass hang4downs and
anti-static sprays.

3) Incomplete degassing which left pores blocked with
water molecules and added additional weight. Experience and
sample knowledge minimised this error. The addition of the
coupled chart recorder facilitated the evaluation of the point

when the sample was fully outgassed.

Microbalances must also be securely mounted against
vibration and shielded {if light sensitive) against solar
radiation, and ideally the room should be thermostatically

controlled to within *#0.5°C.

Archimedes buoyancy must be calculated for each item of
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different density within the BET apparatus at its temperature.
The BET apparatus has been designed to be symmetrical, ensuring
that the buovancy of those parts remaining at room temperature
was kept small. Each item (and samples) across the symmetrical
beam was corrected for density and temperature (-196°C) to

give the total system buoyancy which was applied to the recorded
Nz adsorption weight readings. The densities of items were

as follows:

Aluminium Bucket/Foil 2700 kg/md
Glass hangdown 2250 kg/m?
Particulate (as graphite) 2000 kg/m3
Hydrocarbons 800 kg/m3
TX-40 (80/20 mix) 2080 kg/m?

Errors in this correction stem from poor measuremént of
individual item weight, e.g. hydrocarbons. The contribution
that the HC's made to the DP mass was significant (in some cases
>80% of DP mass) and required that the FES mass be known.

A mean density value of 800g/cm® for HC was used to reflect the
range of individual HC densities of o0il and fuel. The filter's
density was calculated from an assumed 20:80 mix of PTFE and
Borosilicate glass fibre. The ratio may be inaccurate but the
value was applied to all samples, and the filter mass between
samples tended to be very similar, thereby minimising the

potential for error.
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3.1.6 EXPERIMENTAL PROCEDURE

Diesel particulates extracted by ultrasonication (typically
10-50mg) were weighed into an alumimium adsorbent bucket.
Particulates for on-filter determination of SSA were also
weighed (with mass of soot calculated from initial filter
loading). They were then quartered and one quarter wrapped in
an aluminium foil envelope, suspended on the pyrex hang-down and
counterbalanced. The sample {collected by either method) was
then sealed and evacuated by the pump to a pressure of 0.01lmm Hg
(measured experimentally by Edwards Pirani 10 gauge).

This removed adsorbed moisture and those volatiles with
molecular masses less than n-dodecane, which were trapped in a
liquid Nz cold trap. The true 'dry’' sample weight (i.e.

less weight lost on degassing) was noted, the balance zeroced and
sample test tube immersed in a dewar of ligquid N: sqch'that

the sample was at least 15cm below the coolant surface thereby
keeping the sample temperature at -196° (Glasson and

Lindstead Smith, 1973)}.
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The loss of hydrocarbon volatiles was assumed to be
minimal at this stage. Calculation using a vapour pressure
equation:

k= (0.2185 . A) Equation 3.7
({(logio P) - B)

Pressure {(mm Hg)

Temperature (K}

Molar heat of Vapourisation {(J mol-t)
Specific hydrocarbon Constant

where P

o=
i un

(C.R.C. Data book, 1972)
at different temperatures and pressures established that
hydrocarbons upte n-dodecane would be removed but not
naphthalene at room temperature. Since naphthalene is the most
volatile hydrocarbon normally collected by the TESSA system
(Trier, 1988) this was sufficient. A table of boiling points at
pressure and temperature is shown in Table 3.2 for thermally
degassed hydrocarbons and the calculated graph detailed in

Fig 3.6.

For the BET SSA determination (upto a relative pressure
p/po of 0.3) nitrogen gas (40mm Hg) was dosed into the sample
and allowed to equilibrate (10-30 mins as indicated by a stable
weight recording). The sample weight and nitrogen pressure were
then recorded. Upto 6 readings were taken to obtain
sufficiently accurate data for the BET surface area calculation.
Further additions (70-100mm Hg of N:z) were then made (with

stabilisation periods) until the maximum relative pressure was
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Relative

Compound Name

Boiling Point at Pressure:

Molecular 760mm Hg 1mm Hg 0.05mm Hg
Mass he .
128 Naphthalene 218°C 47°C 4°C
142 Decane 174°C 16°C -23°C
212. Pentadecane 270°C 8g9°C 43°C
178 Phenanthrene 340°C 117°C  63°C
352 Pentacosane 390°C 194°C  139°C
408 Nonocosane 422°C 234°C 179°C
18 Water 100°C -11°C -23°C

Table 32 Boiling Points of Representative Hydrocarbeons and

Water at Various Pressures used in these Studies,

CRC 1972
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reached (about 0.95 relative pressure) and an adsorption

isotherm could be plotted.

The desorption isotherm was then determined by reducing the
Nz pressure in the opposite manner to the adsorption stage.
A graph (Fig 3.7) was plotted of the weight change against time
over the full adsorption/desorption cycle. 1In Fig 3.7 (&),
was the initial weight loss due to room temperature
degassing; (B), was the adsorpticn stage {<0.3 P/Po) from which
the BET calculation-was derived; and C, was the top of the
isotherm when desoption of Nz was initiated. With
equilibration steps, this would normally take 2-3 hours.
A hysteresis loop could then be plotted (as weight against

relative pressure).

During Series 1A, DP were thermally degassed using a
heating pot (Fig 3.1, item L) raised around the samplé envelope.
The degassing was carried out at 350°C at 0.05mm Hg p?essure.
This allowed assessment of the thermally degassed DP and a
measure of the actual SSA, but FES could not be collected, and

so the EGA system (Sectioq 3.4) was developed.
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3.1.7 ADSORPTION IN MICROPOROUS CARBONS

Microporous carbons are industrially important because of
their adsorbative and physical properties (e.g. carbon blacks,
activated carbons and carbon molecular sieveé). Studies of
microporous carbons are wide ranging, often combustion related
(e.g. cocal {Carter, 1983; Adams, 1988) and fly ashes {(Low and
Batley, 1988))}). Casquero-Ruiz et al (1988) investigated
n-nonane preadsorption, and Boehn et al (1982) studied

chlorine chemisorption and pore blocking.

McEnaney (1988) reviwed the subject and detailed a model of
the fine structure of microporous carbons (McEnaney and Masters,
1983) (Fig 3.8). The microstructure of general carbons consists
of a tangled network of defective carbon layer planes with the
micropores being the spaces between layer planes. Adsorption by
these carbons is very complex. First, gases are strongly
adsorbed at low pressures in micropores because there is strong
enhancement c¢f the adsorption potential due to overlap of the
force fields of opposite pore walls. This has been calculated
as being enhanced by a factor of 2 compared to the free surface.
Second, constrictions in the microporous network cause activated
diffusion effects at low adsorption temperatures when the
adsorptive has insufficient kinetic energy to penetrate fully
the micropore space. Third, microporous carbons can exhibit

molecular sieve action. Carbons also exhibit molecular-shape
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selectivity by preferential adsorption of flat molecules, as
expected in slit-shaped pores (McEnaney, 1988). An essential
feature of the planar microstructure are cross—-linked aliphatic

bridging groups.

The BET equation is subject to limitations when applied to
microporous carbons and can give unréalistically high ssA for
activated carboné, due to the enhanced adsorption potential
which induces an adsorption process described as primary or
micropore filling. This applies to the BET equation if all the
isotherm data is used. Glasson (personal communication, 1989)
explains that if the BET equation was only applied to data <0.3
P/Po, then this problem is greatly reduced. In any case the DP
samples had SSA far less than activated carbons which may be as

high as 1500m? /g.
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3.2 ELECTRON MICROSCOPIC EXAMINATION OF DIESEL SOOTS

Scanning and transmission electron microscopy (SEM and TEM)
were employed to examihe the size and shape of the incipient
soot particles. The theory and practical applications of
electron microscopy are described elsewhere (Agar et al, 1971;
Goldstein et al, 1981). The instrumenté used were a Joel

model T-20, a Joel SEM-35 and a Philips 300 TEM.

DP are aciniform carbons (AC), composed of small spherical
incipient particles varying from 5 to 100nm in diameter, which
may fuse thereby forming long agglomerate chains (Fujiwara and
Fukazawa, 1980; Medalia and Rivin, 1982). The degree of fusion
is generally such that the iﬁdividual particles can still be
discerned in electron micrographs, but their individual size may
be difficult to measure. This résearch found that the SEM
technique coated the particlés with a gold layer which improved
particle clarity. TEM studies, showed the fused particles had
indefinable boundaries. This research attempted to assess the
size and shape of particles produced from the engines at
Plymouth and studied the relationship between DP, UHC and

particle growth down the exhaust.
For SEM samples, small sections of soot ladened filter were

mounted on aluminium stubs and coated with gold {(12nm thickness)

in a Polaron SEM E5100 sputtering unit which ensured electrical
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conductivity during scanning (Fig 3.9). For TEM samples
(Fig 3.10), vacuum carbon coated grids with Formval supporting
film, were exposed to the exhaust gas and DP collected as the

gas exited the ICF.

Series 1A (analysed using the T-20 instrument) supplied
samples for SEM studies and by exposing the filter in reverse
profile it was possible to reduce filter surface collection
efficiency, thereby reducing cake formation and allowing
individual particles to be clearly seen. Series 1C and
Experiment ‘44 alsc supplied caked samples which were analysed
under the high resolution JSM-35 instrument with technician

support.

Towards the end of the SEM studies and research period, it
was realised that the gold sputtering unit was adding material
to the small particles and increasing their diameter. TEM was
employed on scme fresh samples to assess this effect. It was
discovered that the actual mean particle sizes were around
30-40nm, not the 100-180nm reported by SEM data. This was
attributed to the gold coating individual and adjacent particles
and increasing the apparent size by 160%. This did not appear
to affect the particle size trends noted in the exhaust only the
actual size wvalues. These particle sizes correlated with
literature values for a similar IDI engine which reported that

mean particle diameter increases down an exhaust from 25nm (at
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0.064m from engine) to 35nm {(at 5.164m from the engine) due to
temperature declining below a threshold temperature of

150°C {(Fujiwara and Fukazawa, 1980)

A Bosch Smoke quartz filter was also examined by SEM to

evaluate its potential as an EM sampling device.
3.2.1 GEOMETRIC SURFACE AREAS OF DIESEL SOOTS

The geometric surface area of a spherical particle can be
calculated from the mean particle diameter and density of
graphitic carbon. Thus é surface area in m?® /g of DP can be
coﬁpared to the BET SSA values to give a measure of internal and

external surface area.

The simplified equation:

Geometric Surface Area = 6 Equation 3.7
dl

where:
d is the density (g/m®)
1l is the diameter of the particle (m}
It has been derived from the surface area of a sphere

{(47r?2) divided by the volume (?§ﬂ’r3) multiplied by

density.

For DP with mean particle diameters of 40nm the external

specific surface area is 75m2/g. This suggests that if
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total SSA is 220m? /g, then the internal microporous area

contributes 66% of total surface area.

Correction for the SEM coating was determined, assuming
that the gold was evenly distributed acrecss the socots.
The mean particle diameter determined by SEM was about 100nm of
which 25nm could be ascribed tc the gold coating on the
particle surface. If the particle diamgter is corrected for
this coating, giving a diameter of 75nm, then the geometric
surface area is 40m2/g. This is not dissimilar to values

obtained for TEM analysed soots.
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3.3 CHEMICAL ANALYSIS OF UNBURNT HYDROCARBONS

ngurnt hydrocarbons (UHC) samples were prepared for
analysis by gas chromatography (GC). The samples were
gquantitatively compared to each other, and to standards, fuel
and o0il. Intersample compérisons were carried out in a
quantitative manner by processing each sample with identical
volumes of solvent (in extraction and analysis). DCM was
selected as the extracting solvent because of its high
solubility for substances over a wide polarity range

(Obuchi et al, 1984).

The extraction and identification of UHC from diesel
exhausts has been reviewed (Chapter 1). The soxhlet technique
is most frequently employed and used for EPA dilution tunnel
studies for filters at 52°C to obtain a soluble organic
fraction (SOF). The method, it is claimed, extracts 99.9% of
available DCM soluble UHC (Bjorseth, 1984). Filter
extractable samples (FES) are those UHC samples obtained from a
filter at any temperature in a non-diluted exhaust. The TESSA

UHC samples are called the tower extractable sample (TES).
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3.3.1 FES EXTRACTION FROM FILTERS

Initially., the soxhlet method was selected to extract the
Series 1B QMA filters. The physical nature of the media limited
exposure to 7 seconds. The objective was to validate the BCF
filter and collect samples from a variety of sample positions

and engine conditions.

The pre-weighed filters were exposed to the exhaust stream
at known temperatures. The filters were reweighed and
re-equilibrated (24hrs) to obtain a diesel particulate (DP)
mass. An FES sample was obﬁained by soxhlet extraction (150ml
DCM, 24hrs) in a 1light protected glass apparatus and the sample
was prepared as detailed in Section 3.3.3. All handling was by

forceps to avoid contamination.

3.3.2 SERIES 2A THE TOTAL EXHAUST SOLVENT SCRUBBING APPARATUS

(TESSA)

The Total Exhaust Solvent Scrubbing Apparatus (TESSA) and

method, develeoped by Petch et al (1987), was employed to

extract all the gaseous UHC and strip the particulate of

adsorbed HC's.

TESSA consisted of a medular cylinder solvent scrubbing

system with a graded glass filling, baffles and internal cooling
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coil. Solvent (DCM/methancl 50/50 v/v} passed down the system
over the glass which provided a 'wet' enhanced surface area for
reactions and stripped rising exhaust gas of its UHC component.
Solvent, UHC and suspended particuiate passed out of the botton
of TESSA and was collected into distilled water. The TESSA

system was shown in Fig 2.2.

After sampling {(for 360 seconds}, the solvent mixture was
filtered under reduced pressure using Whatman filters (GF/F
5cm). The two solvent phases were separated by 1iquid/liquid
partition in a separating funnel (2 litres). The DCM fraction
{lower layer) was removed and the remaining aqueoues methanol
fraction was washed with further DCM volumes (150cm3) to
ensure complete transfer. The DCM fractions were combined and
reduced in volume by rotary evaporation as describedlin Section
3.3.3 Further eludication of methodsland validation may be

sought in the thesis by Trier (1988}.

Electron microscopic investigation of the TESSA particulate
material showed it to be composed of glass fragments and a small
quantity of iron, presumbly from pipework. Further investigation
by X-ray analysis proved inconclusive due to the mixed

composition of the sample.
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3.3.3 UHC SAMPLE PREPARATION

After collection (by any technique) the UHC samples were
reduced in volume by reduced pressure rotary evaporation at
30 C. Care was taken to ensure the slow removal of solvent
during this concentration étep to avoid sample loss. A 2ml
aliquot was retained and quantitatively transferred to a
preweighed vial (1.75ml). Gentle Nz blow-down reduced the
sample to a constant weight from which the % extractable sample
was calculated. All UHC samples were stored in vials, in a dry
condition at -8°C, protected against the light. Whole
filters were stored in foil at 4°C (also protected against

the light) to avoid water expansion if frozen.

Filters spiked with fuel and oil were extracted by this

techriique- and collection efficiency measured at 96% t2%.
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3.3.4 OPEN-COLUMN CHROMATOGRAFPHY

Open—column chromatography with silica gel columns was used
to fractionate the TESSA TES samples (Series 2A) into their
component groups; aliphatic, aromatic and polar. Sequential-
elution by suitable solvents according to polarity separated the
fractions. Sample fractionation of complex mixtures by this
technique is now standard (Robbins and McElroy, 1982).

The soxhlet extracted silica gel (DCM, 24hours, oven dried,
120°C) was stored at 50°C, which ensured a constant
moisture content of 5-8% water (w/w) to avoid poor

reproducibility (Later et al 1985).

The columns were prepared by pouring a mixture of silica (3g)
and hexane (2ml) (stirred to remove air bubbles) into an empty
pipette (10ml volume), previously plugged with solvent extracted
cotton wool. The column was tapped with a small piece of rubber
tubing to vibrate and tightly pack the column. The column was

never allowed to become dry.

The method was as follows: Hexane (1ml) was added to the
TES sample vial and ultrasonicated (5mins}) which re-dissolved
the sample. This solution was applied rapidly to the top of the
column, rinsing the vial twice (0.5ml). The column was eluted
sequentially with Hexane (10ml), DCM (15ml) and methanol (15ml)

to remove the aliphatic, aromatic and polar compounds
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respectively. Recovered fractions were quantitatively
determined after Nz blow down in preweighed sample vials.
Some very polar material may remain on the column and may

constitute an error. This method was taken from Trier (1988).

Fractionation of Series 1B samples was attempted but the
application of micro-column fractionation to FES masses cften

<0.2mg proved impossible.
3.3.5 GAS CHROMATOGRAPHIC ANALYSIS OF SAMPLES

High Resolution Gas Chromatography (HRGC) was used to
identify hydrocarbon species. Sample preparation was identical
for the UHC samples and fractionated samples, both being diluted

for injection using DCM.

Samples were analysed with a Carlo Erba HRGC 5360 equipped
with cold on-column injection and a flame ionisation detector
(FID). The FID response was integrated using a Shimadzu CR3-A

integrator. Standard HRGC conditions are listed in Table 3.3.
Daily checking of instrument gas flows and injection of a
GROB mix standard {Fig 3.11) (Grob, 1985) ensured that

consistent column conditions were maintained.

Sample injection was standardised using a 5.0ml syringe for
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DETAILS

Column Type
Length

I.D.

Film Thickness

Injector Type
Injector Volume
Injection Volume
Solvent

Detector Type
Detector Temperature
Detector Sensitivity

Gas Pressures

GC Oven Temperature
Program

" Chart Speed

SE-54 Fused Silica Capillary
25m '

0.25nm

0.025mm

Cold On-Column

0.5mm’

0.1pl and 0'5P1
Dichloromethane (DCM)

. Flame Ionisation (FID)

320°C
approx. Sng per component

H2 70kPa
Air 100kPa

N2 100kPa

50°C for 5 mins,
Ramp 10°C/min,
Final Temp 300°C for 20 mins.

Smm/min

Table 3.3 High Resolution Gas Chromatographic Conditions
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semi—-quantitative research, and a 0.5ml syringe for quantitative
samples. Trier (1988) showed that the coefficient of intersample
injection between the two syringes using the same injection

technique was 8.5% compared to 2.3% for the smaller syringe.
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3.3.6 STANDARDS AND IDENTIFICATION

A standard mixture of three compounds were used to identify
specific compounds within the sample fractions. The three
standards used were from the Lee retention index; naphthalene,
prhenanthrene and chrysene and are shown with the concentrated
solvent system blank (Fig 3.12). Using co-injection, the sample

compounds could be identified (Lee et al, 1979).

0il and fuel samples were prepared (Fig 3.13) to compare
against samples. The lubricating oil had a retention window
between 24 and 36 minutes which accounted for 95% dfrthe total
high molecular mass hydrocarbons {(Trier, 1988). It consisted
of a prominent hump, an unknown complex mixture (UCM) thought to
be polar, branched and aromatic compounds. In addition several
peaks crested the hump, and were identified as the Hopane series
of highly cyclic aromatics which have been used as exhaust
marker compounds (Trier et al, 1987). The fuel was found to
have a retention window between 8 and 24 minutes and had a
normalised distribution of n-alkanes (around n-Cis)} with
identifiable isoprenoids (Pr - Pristane and Ph - Phytane)

co-eluting with n-Ci7 and n-Cie.
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3.3.7 DISCUSSION OF SOURCES COF CONTAMINATION

Sample integrity was maintained by a number of precautions
employed to reduce contamination. All solvents employed in this
work were previously redistilled in a glass apparatus (Walker
1979) to ensure a contamination free solvent, as evaluated by GC
and a purity greater than 99.99%. Crude solvents and once used
DCM was scaked in suitable drying agents to remove any traces of
water (Vogel 1956). It was essential to maintain cleanliness

because of the concentration steps during sample preparation.

All glassware, prior to use was soaked (24 hrs)-in a b%
solution of Decen 90. This was followed by rinsing in cold tap
water (10 times) and a single wash with distilled water.

If rapid drying was required then the glass was further rinsed
with distilled acetone (to remove water) and dried at 50°C in an

oven. Prior to use, glassware was further rinsed with DCM.

Silica gel, cotton wool, anhydrous sodium sulphate and
anti-bumping granules were pre-—-extracted overnight in a soxhlet
apparatus with DCM, in order to remove contaminants. Schwartz

(1978) recommends this approach for glass wool.
During this study, it was found that the foil lined

screw—-caps of the sample vials caused contamination. The source

was determined tc be the cork inlay, which was confirmed by a
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article by Denney et al (1978). Further problems may come
from phthalate contamination enhanced during concentration
steps. These compounds are ubiquitous (Levine et al, 1982)
and have been jidentified (Trier, 1988) and may be difficult to

exclude, although they were not noted in this study.
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3.4 EVOLVED GAS ANALYSIS

Evolved gas analysis (EGA) is the technique of'determining
the nature and amount of volatile product or products formed
during thermal analysis {(Wendlandt, 1986). Thermogravimetric
(TG) balance systems have been coupled to detection instruments
and extensive reviews of the combined systems are available
(Wendlandt, 1986). For example, a TG-GC instrument was
developed by Chiu (1968) which allowed the collection and
analysis of evolved products. Zitomer (1968) coupled a DuPont
model 950 thermobalance to a Bendix mass spectrometer to produce
a TG-MS which gave fast analyéis and minimised sécondary
sample reactions during transfer. Additionally, Gallagher
(1978) developed an EGA-MS system and Onodera (1977) has used
Pyrolysis-GC for total decomposition work. Cuthbertson et al,
(1979) used an HFID to detect lubricating oil and fuel UHC (Fig
3.14) from the thermogravimetric analysis of DP, but did not
collect the volatiles. Stenburg and Alsberg (1981) (Fig 3.15)
developed a vacuum sublimation system for the extraction of
PAH's from carbonaceous materials but failed to consider surface

effects or examine microstructure.

With these established techniques in mind, a non-destructive
EGA system, capable of separating the UHC from DP, was
developed. The volatiles were trapped and analysed by GC, and

microstructural changes were examined.
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EGA avoids fibre and soot contamination and has short
extraction times (typically less than 3 hours compared to
24hours for soxhlet extraction}. Furthermore, the possibility
of artificial solvent-induced agglomeration and solvent
extraction of UHC is avoided. Stenburg and Alsberg {1981)
pointed out that some degradation may occur of very labile
species, especially diketones, cyclopenteno[c¢,d]pyrene and
anhydrides if prolonged extraction or high temperatures are
employed. The system (time and temperature) can be tailored
towards the study of specific molecular mass compounds thus
minimising such degradation. EGA offers the advantage of
efficient extraction of high molecular mass hydrocarbons and
reassessment of DP microstructure without solvent influences.
This study intended to reproduce the tentative work of Ross et _al
(1982), who showed that temperature degassing of a non-extracted
DP sample, increased its SSA, equivalent to the DCM extractable

fraction.

The system was developed to thermally degass (TD) the
volatile compounds adsorbed on the diesel particulate {(DP).

The specifications for the design were as follows;
1) To thermally degass the vclatile hydrocarbons {fuel and

0il derived) from the DP, without structural and/or chemical

modification of either component.
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2} To collect efficiently the desorbed volatiles.
3) To obtain a contamination free sample which can be

analysed by gas chromatography.

3.4.1 THERMAL DEGASSING EXPERIMENTS FOR THE CHEMICAL AND

MICROSTRUCTURAL CHARACTERISATION OF DP

After the completion of Series 1A (which included thermal
degassing of UDCM soots) and Series 1B it was necessary to
develop an extraction method which enabled particulate to be
analysed for BET SSA determination without solvent
pre-extraction, as occurred with the UDCM method. A thermal
degassing {(TD) method was developed, which also enabled evolved
gas analysis to be performed. The method was similér in
principal to the technique outlined by Stenburg and Alsberg
(1981), when vacuum sublimation of carbon blacks was compared to
soxhlet extraction methods. They stated that "vacuum
sublimation is a solvent free procedure which possesses the
advantage of easy handling and high yields in short extraction
times" and that for "PAH's the method is a good substitute for
the conventional soxhlet technique". They used a environment of
300°C and O0.1mm Hg which extracted the volatiles as
efficiently as a range of solvents, of which DCM was the most

effective during'solvent extraction.

The thermal degassing method developed at Plymouth, used
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similar degassing operating conditions to expleoit the favourable
hydrocarbon wvapour pressures at 0.1lmm Hg pressure which avoided

high temperature DP degradation (e.g. microstructural swelling).

Series 1C compared DP from different engine conditions
collected on TX-40 filters using the ICF system.
Pre-equilibrated, pre-weighed filters were used and mass
loadings obtained for a wide range cof engine conditions, sample
positions and exposure times. Exhaust temperature and
filtration pressure changes were monitored. Each filter was
reweighed after exposure and stored at 4°C, protected
against the light until analysis {usually 1ess»than'a week) .
On-filter SSA and on-filter TD were performedlto characterise

the particulate.
3.4.2 THE EGA SYSTEM

The EGA system developed over 8 months, improving
collection efficiency and sample integrity. The final design
employed much of the previously described BET microbalance
apparatus and was a pyrex glass construction. The CI
Instruments balance head and control unit were used with the
vacuum system, and a larger sample hangdown envelope. A
¢ylindrical furnace was constructed and positioned around the
sample, and temperature monitored by thermocouples. A cold trap

collected desorbing veolatiles before analysis.
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3.4.3 EXPERIMENTAL DESIGN AND DEVELOPMENT

Choice of sample environment was ‘important in the
experimental design. Since this was a thermal techniqué with
the possibility of DP and volatile oxidation, air was excluded
from the sample apparatus. Nitrogen (Nz2) carrier gas
(White Spot, 99% purity) and vacuum (1mm Hg) were tested, both

being readily available and used in the BET apparatus.

Nitrogen was advantageous for safety reasons and would
allow the volatiles to be released at room pressure. However,
with a gravimetric technique, a carrier gas causes problems;
sample vibration (enhanced by convection gurrents at high
temperature), weight changes caused by flow pressure and direction
of gas sweep, complex bouyancy corrections for temperature and
the large volume of gas required, posed to many problems to be
surmounted. Some developmental experiments were carried out

with N2z .

A vacuum atmosphere {(1lmm Hg) was chosen, having the
advantages of minimising bouyancy and oxidation, allowing lower
degassing temperatures and higher efficiencies for high
molecular mass hydrocarbons, thereby not subjecting the DP to
high temperatures that might cause thermal swelling, and d4id not

cause any sample vibration. Routine precautions against
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implosion were taken and safety glasses worn at all times.
The vacuum system allowed the use of a cold trap at liquid

N2 temperatures facilitating the trapping of all volatiles.

Various designs of EGA system and trap were tested.
Naphthalene c¢rystals (Melting Point 80°C) were sublimed in
place of a sample to indicate where desorbed hydrocarbons might
collect in colder regions of the system. 1In each design the
recrystallised naphthalene, was dissolved in solvent (DCM) and

dried to give a crystal weight and % efficiency.

Initial prototypes consisted of a vertical envelope arcund
the sample with a side-arm connected via gas taps to a vertical
cold trap and operated with a Nz atmosphere (Fig 3.16).

Heating tape (>200°C) enhanced volatile transfer.
Naphthalene recrystallisation indicated that the poor trapping
{approx 25%) was due to poor flushing by Nz and

condensation in cold regions above the furnace.

The design was modified to accept carrier gas input from
beneath the sample but this caused recrystallisation in the
balance head because the heating tape acted as a thermal barrier
to trapping. Split gas flows (50/50 and 25/75 mixes) from above
and below the sample, increased the efficiency to 33% and 50%

respectively, after the tape was removed.
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These efficiencies were viewed as unacceptable because
often very small quantities (<0.5mg) of volatiles were often
released. The apparatus was medified to accept a coil cold
trap, positioned beneath the sample, which minimised the
transfer distance (<4dcm}. The furnace was reconstructed with
new electric winding to produce a temperature gradient favouring
downwards volatile movement. The glass hangdown envelope was
enlarged and sealed after the positioning of a sample
thermocouple (Pﬁ/Rh 13%}). The thermocouple was calibrated using
an ice-water cold junction at 0°C. Simultaneous
temperature and weight readings were recorded against time by a
chart recorder set on appropriate voltage scales. The samples,
previously analysed by the BET technique, were balanced and
brought on scale (typically 0-10mg). The pyrex glass envelope
was assembled around the sample and the furnace lifted around.
the envelope and coil trap connected. The apparatus was sealea
against air leakage using teflon seals (Fivac ribbed sleeves,
with a quoted leak rate of 10-¢4 mmHg l/sec). The apparatus

is illustrated in Fig 3.17.
This system gave a naphthalene collection efficiency of

over 95% by mass. Doped diesel fuel on ultrascnicated DP had

a similar collection efficiency.
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3.4.4 OPERATIONAL PROCEDURE

The sample was first outgassed to remove water which took
from 1 to 30 minutes depending on adsorbed moisture content.
Table 3.3 showed how the vapour pressures of hydrocarbons and
water change with pressure and temperature. The degassing was

operated at 1mm Hg pressure and the moisture drawn to the pump.

After the sample weight had stabilised, the balance was
zeroed and the liquid Nz poured intc the cold trap dewar.
The furnace was switched on and temperature raised to 300°C
at approximately 5°C/min heating rate where it qu'held:for
30 minutes. The temperature and pressure was sufficien£ to
remove all UHC without PTFE seal degradation nor any ad&erse
effects on balance operation. Occasionally the dewar was topped
up. After this period the furnace was switched off, sample
cooled, cold trap lowered and nitrogen gas (400mm Hg) éllowed
into the envelope to apply a inert partial pressure, and stop

any leaking air bringing in moisture.

The FES was removed from the trap by washing with DCM
{20ml), rotary evaporated to reduce solvent volume (30°C,
low vacuum) and quantitatively transferred to a clean preweighed
vial (1.75ml). The FES weight was obtained by careful N:
blow down to a constant weight. All samples were stored 'dry’

in darkness at -4°C.
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To show that the UHC was adsorbed to the DP and to test the
system, a DP sample was degassed and the TG weight loss curve
compared to the desorption TG weight curve of fuel doped on a
filter. The result is shown in Fig 3.18 and proved that the
doped fuel is weakly adsorbed compared to the DP UHC. The
degassed doped fuel sample was analysed by GC and compared to
normal fuel. Fig 3.19 jillustrates the slight loss of low
molecular mass n-alkane that occurs during room temperature
out-gassing but also shows the excellent collection efficiency
(>95%) and validated the system. Pristane (Pr) and Phytane (Ph)
aid identification of the n-alkane peaks, coeluting with

n-Ci7 and n-Cis.

3.4.5 ADDITIONAL EXPERIMENTS

The TD method was used for the routine characterisation of
the DP from a wide range of engine conditions (Series 1C).
Additional experiments were also performed to investigate

specific aspects of the research.

Experiment 3A, followed the work of Stenburg and Alsberg
(1981), by comparing different extraction methods with thermal
degassing. One sample (1500rpm, 27.4Nm, 3.3m) was sub-divided
and each quarter extracted by either soxhlet, ultrasonic or

thermal degassing. This was after initial microstructural
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analysis to obtain a SSA wvalue. Each FES fraction was analysed
by GC and microstructural characterisation was repeated after
extraction, to show the relative effectiveness of each method

for extracting FES.

Experiment 4A, compared the character of DP gained from the
exhausts of the DI Ford research engine with the IDI Ricardo
engine. Some results from this study have been presented
(Seebold et al, 1989). The engines were operated at similar
relative conditions (1500rpm speed, full and half load).

The standard methodology was followed although the filter was
only exposed to 3/4 of the full exhaust of this larger engine

({2.51) swept volume.

Experiment 5A, studied how DP microstructure changed with
successive thermal degassing. Two DP laden filters {(1500rpm
speed, 13.7Nm and 27.4Nm loads) were degassed at 120, 190, 290
and 340°C. Before and between each degassing the
microstructure was examined. This.highly time consuming series

confirmed the sources of adsorbed FES in DP.
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CHAPTER 4 RESULTS AND DISCUSSION OF EXPERIMENTS UNDERTAKEN

The results are summarised in the relevant sections to
reflect the complex nature of the relationship between DP and
UHC in the exhaust. Salient inter-relationships are concluded
in Chapter 5. The Ricardo IDI engine was almost exclusively
used, so reference is always applied to this engine unless
otherwise stated. During this section, the engine load
conditions of 13.7 and 14.2Nm, and 27.4 and 27.9Nm will be
referred to as 'low' and 'high' load respectively to show the
significant differences in emissions between them, at any one

speed.

DP and ﬁHC emissions data from this study support the
emission map database {(Chapter 2.3). Fig 4.1 and Table 4.1
summarise the eﬁission data of the engine conditions employed
during these studies. The typical emission trends of an IDI
engine were evident: that with increasing load, DP production

rises and HC emissions decline.
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4.1 SERIES 1A DIESEL PARTICULATE MASS EMISSION AND

CHARACTERISATION

Diesel Particulate from the Ricardo Engine produced the
mass emission and FES composition data shown in Table 4.2 and
Fig 4.2. The emission data reflected the Bosch Smoke N¢
and HC emission trends characteristic of this engine. As AFR
and load increased, so smoke (DP) increased and HC (FES)
decreased. Thus at low load (13.7Nm - 14.2Nm), low DP emissions
were coupled with relatively high HC emissions which gave %FES
values of 11.1% and 12.5%. At high load (27.4 - 27.9Nm), the DP
emission were much higher, but FES were <3% of DP mass. |
The overall high HC emissions of this engine were probably due
to the old injection system and which had an injector sac voclume
which contributed significantly to UHC emissions when cylinder

temperatures were relatively low and combustion less efficient.

This study demonstrated that the process termed Temperature
Dependent Chemical Scavenging (TDCS) (Glasson et al, 1988) was
occuring down the exhaust pipe. BAs temperature declined, so % FES
more than doubled, between the two sample positions at low lcad.
At high load, the increase was less marked, because the low
concentration of gaseous UHC and the relatively high exhaust
temperatures {>150°C), meant that there was less TDCS

prior to sampling.
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The reproducibility of collected DP mass between filter
samples was good (coefficient of variation 10-27%) despite the

back pressure effects on the engine, caused by the BCF.

Particle drop-out onto the exhaust wall, a result of
declining gas velocity and increasing particle size (due to
aggregation and UHC adsorption) (Abbass et al, 1989), was noted

between the two sample positions (Section 2.5.1)
4.1.1 MICROSTRUCTURAL ANALYSIS OF DIESEL PARTICULATE

DP microstructure was found to vary with extraction methed,
so each method will be considered independently. As described
earlier, filter DP mass loading was critical to the selection of
the extraction method. The UDCM method was developed to remove
DP buried in the filter matrix, and ;his method was applied to
all Series 1A samples. A heating pot (item 'L', Fig 3.1)
positioned around the BET sample envelope allowed thermal
degassiﬁg of UDCM sooé to 350°C in vacuo (at 0.05mm HQ
pressure). The later development of the thermal degassing
apparatus (Fig 3.17) allowed the DP to be assessed on-filter
{Series 1C), and-the degassed volatiles were trapped for GC
analysis. This section details the microstructural results of
the UDCM extracted soot, both before and after thermal

degassing.
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Soot from an over-fuelled engine run, which therefore
produced a copiocus emission of DP, was brushed from the filter
surface and analysed (i.e. not pre-extracted in DCM). The brushed
sample was referred to earlier (Fig 3.4). The sample (1500rpm,
27.4Nm, 2.3m) had an excellent open fluffy structure and was

compared to the UDCM samples as detailed below:

1) The isotherm profile of the brushed soot (Fig 4.3) and
the SSA data, showed it to be a cross between a Type II and Type
IV isotherm with a surface area of 8ém2/g. This indicated the
combination of a non-porous and a meso-porous solid,

i.e. a semi-porous solid. The hysteresis loop éhowed .
slit-shaped pore character typical of H3 loops and also Hi,;
influence at the top of the isotherm (a tailing-off to thé
horizontal), derived from 'ink-bottle' pores formed between
agglomerates. The isotherm showed closure in both the micro

(ultramicropores <lnm) and upper meso/macropore {(>8nm) ranges.

2) After TD, the SSA values were seen to increase to
156m? /g and the hysteresis loop opened in the previously closed
pore ranges. The volatiles released (later confirmed by
on-filter EGA), were hydrocarbons, which had been trapped in the
pores as distinct pore-bound FES fractions. The mesopore range
appeared largely unchanged, indicating that for this high load
engine condition, hydrocarbons were not significantly trapped in

this pore region.
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This sample was thought to be representative of DP
microstructure, and it was selected to be compared to other
soots. Later studies confirmed its structure, which was
modified by the extraction and analysis method {(i.e. UDCM
extraction of FES and the filter's own hysteresis for on-filter

microstructural determination of DP).

The ultrasonic extraction method (UDCM) was developed to
remove DP buried from within the filter matrix and was employed

to compare the soots produced from different engine conditions.

3) Table 4.3 shows the gffect of temperature and UHKC
availability on the BET §SA déta before and after thermal
degassing. The surface areas at room temperature reflect the DP
formation conditions. UHC concentration andlamount of DP in the
combustion chamber influence how much FES may be trapped in the
micropores during crystallite formation and particle aggregation.
This was controlled by lcad and c¢ylinder combustion temperatures.
At low load with high UHC emissions, the reduction in the
surface area (internal and external) was most marked. Diesel
soots under these conditions had low initial surface areas which
increased by the order of 20-40% when dégassed at elevated
temperatures (350°C). However, for soots produced at high
load, the effect was less marked, and initial SSA's were higher

because more soot was available to adsorb the smaller quantities
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of hydrocarbons, thus reducing the amount of pore blocking. The
higher %SSA gain between exhaust sampling positions was fdrther

evidence that TDCS was occurring down the exhaust.

4) The hysteresis profile of UDCM soots determined
before and after thermal degassing are shown in Fig 4.4.
The slit-shaped pore character was evident (horizontal loop),
but no tailing-off of the adsorption isotherm to the horizontal
at >0.9 P/Po, which normally indicates agglomerate character.
This suggests that the formation of the soot cake on the filter
burial, compacted the DP, and reduced or destroyed the open
fluffy agglomerate character typical in brushed soots.
The pre-extractive nature of the UDCM method also resulted in

only a small gain in SSA after degassing.

5) It was noted that for fresh brushed DP, the nitrogen
adsorpticon was difficult to stabilise during BET operation, and
this was taken as evidence of the highly active nature of the
adsorption sites, as detailed by Ross et al (1982). Puri
(1970), has suggested that adsorption is influenced by
functional groups {(eg C-OH, C=0) bound on the periphery of layer
planes. The UDCM scots, did not show this feature, presumably
because the solvent had already extracted these functional
groups from the DP. The UDCM method had also pre-extracted
microporous FES, leaving the pores open, which were further

unblocked by thermal degassing. Comparison between the brushed
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scot and its UDCM counterpart by %SSA gain, illustrated how the
solvent method had pre-extracted FES (the gain was only 18%

compared to 40% for the brushed soot}.
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4.1.2 ELECTRON MICROSCOPIC EXAMINATION OF SERIES 1A DIESEL SOOT

Scanning electron microscopy (SEM) examined the size and
shape of Series 1A scots. The gold coating improved the
resolution of the particles but increased their sizes to those
shown in Table 4.4. The appearance of DP depended on sampling
method. Natural scot had an open fluffy aggregate structure,
but filtered scot showed compaction or burial depending on the
filter type, which has the additional effect of blocking filter

pores. The main features were:

1) Assessment of the filters, showed that soot cake
formation was most pronounced at high loads and speeds, as one
would expect when DP production was high. This has already been
intiﬁated in the filter work. No visual differences in cake

structure were noted between sampling positions.

2) DP cake, under high resolution SEM (x20,000) analysis
{Fig 3.10), enabled particle diameter measurements to be
obtained. As Table 4.4 showed, the data indicated that particle
diameter increased with declining speed and increasing
temperature for any load condition. The high loads produced the
largest particles despite the higher temperatures (as has been
reported by Glasson et al, 1988). Later work suggests the
opposite {(Series 1C), but the data may not be contradictory

because; the exhaust diameter, dilution, gas velocities and
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temperatures in the BCF and ICF systems were slightly different.
The Series 1A data may have shown the influence of higher
temperatures (and higher gas velocities), whereas in Series 1C,
the exhaust conditions favoured lower temperature UHC
adsorption, which was more prominent at low load when UHC
emissions were greatest. An alternative explanation may be BCF
exhaust valve operation. During periods of walve ciosure, DP
that collects behind the valve may agglomerate and adsorb UHC
and become larger in size, particularly at high load. When this
valve was operated, the enlarged DP were swept onto the filter.
The piston valve minimised this problem. TDCS was not obvious
in these samples presumably because the high temperatures and

high gas velocities prevented UHC adscrption.

Fig 4.5 shows a Bosch Smoke filter with a fibre covered
with aggregated particles. This electron micrograph shows thg
character of diesel socot when cake compaction is not allowed to

occur.
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4.2 SERIES 1B FES FROM BCF

The FES extracted from the QMA filters were prepared to be
directly intercomparable by mass for gas chromatographic
ahalysis (Fig 4.6 and 4.7). The relationship between FES and
load was evident, with the low load engine conditions having
the highest emissions of UHC and therefore FES. At the elevated
sample temperatures (>100°C)}, the filters were dominated by a
hump, an unknown complex mixture (UCM) of branched, polar and
aromatic hydrocarbons, which corresponded with the retention
window {(24-36 minutes) of lubricating oil. The following

features were recorded:

1) The samples obtained from the BCF, were noted for their
high temperatures, stress on the engine operation and short
sampling times. Thus the samples had low FES masses (often

<0.2mg) .

2) The similarity between chromatograms indicated that load
{(and ﬁot speed), was responsible for influencing-FES
composition. At the elevated exhaust temperatures, lubricating
0il dominated the chromatograms, with only a small n-alkane
homologeous series being shown in the fuel retention window

(18-24 minutes).

3) The low load samples showed higher loadings of FES
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and the presence of more noticeable straight chain n-alkanes
series derived from fuel, as one would expect from this engine
condition. There were more differences between samples, because
the lower exhaust temperatures favour the lower molecular mass
compounds, which is illustrated by Sample B2 (1500rpm, 13.7Nm,
2.3m), which was taken at a temperature of 100°C, and had a

longer exposure time (40 seconds).

4) Because of the short sampling times, no significant mass
differences were noted between samples of the same engine

condition but different filter positions.

4.2.1 SERIES 2A TOWER EXTRACTABLE SAMPLE

Using TESSA, gaseous exhaust UHC was collected over longer
sampling times (360seconds). Petch et al (1988) stated that this
method extracted all exhaust UHC, stripping DP of its adsorbed
hydrocarbons. It provided a total exhaust sample which included
very low molecular mass UHC, which would normally pass through

a dilution tunnel filter in gaseous form.

Petch et al (1988) and Trier (1988} discovered with TESSA,
that the TES aromatic content (including PAC's} increased with
speed and load, due to the pyrosynthesis of aliphatic fuel into
aromafic compounds. This was demonstrated with radio-labelled

l14C-octadecane and benz(a)pyrene. In the exhaust, the
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aliphatics were found to be preferentially combusted compared to
the more stable aromatic compounds. Trier (1988) studied the
TESSA residu and used standard soxhlet extraction (150ml, DCM,
24hrs) to determine the unextracted FES. This was found to be

<1l% of the total TES from the whole exhaust.

Comparison between TESSA and a dilution tunnel was also
carried out by Trier et al, (1988), and it was reported that
the filter method collected an SOF dominated largely by lube oil
compared to the TES which had a considerable range of low

molecular mass hydrocarbons.

The fES and DP mass data is shown in Table 4.5. The TESSA
DP data reflected the HC emission trend (Fig 4.1) but suffered
glass debris contamination. The TES data showed excellent
correlation to UHC emission map data. The chromatograms
(Fig 4.8-4.10) illustrated the wide range of hydrocarbons
present within the TES samples. The results are presented

below:

1) The unfractionated TES chromatograms showed the
dominance of fuel to the total UHC, when the whole exhaust was
examined, compared to filter samples taken at elevated
temperatures. The low load samples showed highest FES, and an
n-alkane series corresponding to the fuel retention window,
with only a small o0il UCM after 28 minutes. The FID response of

o0ll was less than for fuel (Trier, 1988) thereby further
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reducing the apparent influence of oil in the overall

chromatogram.

2) The TES aliphatic fraction was compared to the fuel
aliphatic fraction (Fig 4.11) from Petch et al, (1987).
The TES distribution showed strong similarity with the fuel,
particularly the isoprenoids (i.e. pristane and phytane).
The TES had a similar n-alkane normal distribution with the
highest peaks corresponding to n-Cisand n-Ciz ({(Table 4.6).
There was a small aliphatic o0il contribution after 28 minutes
which can be seen in Fig 4.12. At low load, it appeared that
unburnt fuel dominated the chromatogram but with higher speeds,
when combustion of the low molecular mass fuel hydrocarbons

was more efficient, lubricating oil began to dominate.

3) Comparison between the TES aromatic fractions and the
aromatic fractions of fuel and o0il (Fig 4.11 and 4.12), showed
that the TES was dominated by the parent and alkyl naphthalenes
and phenanthrenes, indicating that the aromatic TES came
primarily from the fuel. This study has supported the work of
Petch et al, (1987} and Trier (1988). Tentative identification

of the aromatic compounds was made in Table 4.6.
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4.3 SERIES 1C TOTAL CHARACTERISATION OF DP

The ICF was employed in conjunction with the thermal
degassing method (TD}, the BET technique and scanning electron
microscopy to collect and characterise the DP and adsorbed UHC.
DP samples were analysed on-filter. An extensive database of
compositions, SSA values, particle sizes from Series 1C results
was prepared (Fig 4.13, Table 4.7 and 4.8) which showed some
features previously detailed by other authors {(Fujiwara and

Fukazawa, 1980; Abbass et al, 1989).

1) TDCS occurred in the exhaust, shown by the increasing
% FES of DP mass with declining temperature. This feature was
consistent with Series 1A, and showed the greatest % FES at low
load (47% to 84%) when low exhaust temperatures {(183°C to 80°C)
were coupled to high UHC emissions (Fig 4.1). The high load
samples had consistent % FES values (between 8% to 15%) over a
wide range of temperatures (248°C to 133°C), which suggested
that the UHC were not being scavenged due to lew UHC
availability and high temperatures. 1Indeed, this consistent FES
value, indicated that a constant {(regardless of speed)
internally bound FES fraction existed which had been trapped
during DP formation. Low load conditions were estimated to have

about 50% internally bound FES.

2) Hydrocarbon adsorption induced incipient particle
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ENGINE CONDITION FILTER POSITION
SPEED LOAD I.3m 3.3m : 4.3m
(rpm) (Nm) SSA expressed in m"/g, Before 'A' and After 'B' TD
A B A B A B
1500 13.7 24 211 19 226 <7.5 153
165°C 120°C 80°C
27.4 103 149 109 147 | 101 163
240°C 170°C 133°C
1750 14.2 <7.5 240 <7.5 231
181°C 120°C
27.9 101 147 139 235
245°C 172°C
2000 14.6 24 155 7.5 323
183°C 140°C
29.5 156 211 130 205
248°C 215°C

Table 4.7 SSA Data from Series 1C shown with Exhaust Gas Temperature,
Values which were calculated as negative are expressed as less
than three times the Filter SSA (i.e. <7.5m"/g).

ENGINE CONDITION SAMPLE POSITION
x Particle size, Standard Deviation and Exhaust Temp
1.3m _ 3.3m _ 4.3m

Speed Load X Sb Temp x SD Temp X SD Tgmp
(rpm) (Nm) (nm) (°C) (nm) (°C) (nm) (°C)
1500 13.7 103 0.57 165 113 0.74 120 125 1.1 80

27.4 84 0.51 240 108 0.87 170 117 0.73 133
1750 14,2 143 1.14 i81 142 0.94 120 NO SAMPLES

27.9 121 0.89 245 122 0.74 172 NO SAMPLES
2000 14.6 161 1.5 183 177 1.5 140 NO SAMPLES

29.5 155 1.34 248 164 1.91 215 NO SAMPLES

Table 4.8 Particle Size Evaluation for Different Engine Conditions

and Filter Positions Collected by the ICF System

x sizes obtained from 70 observations of particles from
SEM micrographs of caked DP.



growth down the exhaust as temperature declined. There was no
evidence of the sudden particle size shift at temperatures less
than 150°C and subsequent collection of DP on pipe walls,
reported by Fujiwara and Fukazawa (1980). Loss of soot to pipe
walls was noted for most speeds, when the exhaust gas flow was
relatively low (375 1/min}), and DP emissions high (i.e. at high
load). At other speeds, significant particulate mass increase
was noted at low temperatures and low load (2000rpm, 14.6&Nm)
presumably due to hydrocarbon adsorption. Particle aggregation
could not be demonstrated using the filter method due to
impaction problems, and thus the wall drop-out feature could not

be directly related to particle aggregation.

3) The SSA data {before and after TD) supported the theory
that a consistent FES fraction was bound within the DP matrix
{(Table 4.7). The soots had similar SSA between engine loads
regardless of the engine speed. At low load the initial SSA
varied (from 7.5m?/g to 24m? /g) reflecting cylinder conditions,
when significant quantities of fuel could be trapped within the
soot matrix. TD released the volatile FES producing a soot with
a high 5SA. The high load soots, were formed at high
temperature, with the fuel being almost totally converted into
non hydrocarbon gases or carbonaceous soot. The low % FES
content and relatively high initial SSA (101 to 156 mZ/g)
supports this theory. TD improved these SSA values {(approx 25%

to 41%), greatest for samples collected at lower exhaust
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temperatures. These general trends correlated well with the %
FES masses of Series 1A, although the UDCM method did

pre-extract the socots before SSA determination.

4) Engine load appeared to control particle size via UHC
adsorption processes (Table 4.8). Particle size increased with
increasing speed and decreasing load which was contrary to
previous results {(Series 1lA). This study did not examine how
extraction method influenced particle size, which might show
that low load DP were smaller than high load DP after thermal
degassing had removed the adsorbed volatiles. At temperatures
>150°C, the UHC was largely high molecular mass hydrocarbons
derived from lubricating oil {(as with Series 1B). At lower
temperatures, 1owér molecular mass fuel UHC may be adsorbed,
causing the previously reported particle size shift. Mayer et al
(1980) showed that the oil contribution to DP was greatest at
low load and high speeds and thus might contribute significantly
to particle growth. The standard deviation of the SEM particle
diameters increased with particle size, suggesting that the
enhanced oil availability at these engine conditions increased
the particle size distribution of the soots. Kamimoto and
Yagita (1989) proposed that soots are formed in flamelets within
the ¢ylinder and this theory may be modified to explain the size
distribution change. The process of flame impingement could
scavenge olil from cylinder walls forming large incipient

particles, whilst other particles formed by air quenching or
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surviving within the fuel itself, are smaller, since they were
formed away from the oiled wall surface and do not have a

significant o0il coating.

4.3.1 MICROSTRUCTURAL CHARACTERISATION OF ON-FILTER DP

Typical isotherms of diesel soot analysed on-filter are
shown in Fig 4.14 and 4.15. They show the 13.7Nm and 27.4Nm
load conditions of the 1500rpm speed condition taken at 3.3m

with the ICF, before and after thermal degassing.

The filter has its own porosity (Fig 4.16), and low SSA,
which is inc¢luded in the DP microstructural analysis.
Consequently the DP profile became flattened by the filter's
influence and because the micropores of the media remain
partially unblocked during filtration (depending on loading),
the DP micropores fail to éhow micropore closure during nitrogen
adsorption. The carbon particles also appear to affect filter
hysteresis and partially block the mesopores, thereby reducing
the SSA. The interaction between DP and filter is highly

complex and difficult to evaluate.

Both samples show closure of mesopores at around 0.8-0.9
partial pressure which equated to a pore diameter of 10nm, which
existed between the particles with mean diameters of 40nm (from

TEM work). When degassed, the volatiles were released and the
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mesopores unblocked producing significant gains, as detailed in
Table 4.7. Both isotherms showed that the micropores had
opened, by increasing their quantity of irreversibly adsorbed

N2 .

The smaller quantity of DP from the half load sample,
produced smaller changes of weight during analysis and proved to
be more difficult to operate, with the buoyancy effect sometimes
producing an apparent weight loss after nitrogen dosing. Due to
plotted scale the structure appeared to open more than for other
soots and the influence of the filter's hystgresis more

significant.
4.3.2 CHARACTERISATION OF TD FES FROM ON-FILTER DP

The following sections detail ghe results of the specific
experiments undertaken. The EGA system was developed and
facilitated the quantifiable thermal degassing of adsorbed FES.
The labile volatile hydrocarbons were identified and the

structural changes that occurred to the DP were determined.

The degassed and volatile fractions from the DP samples
of Series 1C were characterised by GC. Fig 4.17-A (in Section
4.3.3) shows a typical chromatogram of the TD extracted FES.

The most prominent features (as with the Series 1B samples) were
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two broad humps, which corresponded to the retention windows of
the o0il and fuel derived hydrocarbons; lower molecular mass
n-alkane series of fuel hydrocarbons and a high molecular mass
UCM hump of oil compounds. Due to time constraints,

fractionation of this FES was not carried out.

4.3.3 EXPT 3A COMPARISON BETWEEN EXTRACTION METHODS ON THE

MICROSTRUCTURE OF DP AND THE ADSCRBED FES

Quartered sections of scot laden filter were extracted by
different techniques. Thermal degassing (TD) (2hrs) was
compared to the standard solvent extraction techniques of
soxhlet (24hrs) and ultrasonication (0.5hrs) (dichloromethane
({DCM), 150ml). Changes in microstructure, SSA and FES were
noted. The results are shown in Fig 4.17-4.19 and SSA data in
Table 4.9. The isotherm of each sample was determined but has

not been included since they all appear similar to Fig 4.14.

The SSA data showed how the extraction method may
influence SSA. For the solvent methods, DCM molecules
penetrated the pores, extracting surface and mesoporous-bound
hydrocarbons. However the DCM became permanently adsorbed and
reduced the SSA by 17-24m2 /g. The mere energetic
ultrasonication method enabled DCM molecules to penetrate more
deeply and reduce the SSA to 74m2/g. The TD method released

considerable volatiles and increased the SSA, although not as
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EXTRACTION INITIAL SSA AFTER 1st  SSA AFTER FURTHER

METHOD SSA EXTRACTION TD EXTRACTION
TD 98m’/g 102m*/g 91m*/g
UDCM XXXXXX 74m’ /g 136m° /g
S0X XXXXXX 8lm*/g 110m*/g

Table 4.9 Variation of SSA with Extraction Method,

ENGINE CONDITION

COMPOSITION. - DATA FROM SAMPLE

SPEED LLOAD COLLECTED 3.3m FROM EXHAUST PORT

(rpm) (Nm)

1500 40.8 Filtered Particulate Mass - 11.2mg
Room Temperature Volatiles (Water) 77
Thermally Degassed Volatile (FES) 867
Carbonaceous Residue 7%
Exhaust Gas Temperature 110°C
SSA Before TD <7.5m’/g
SSA After TD 430m’/g
Particle Size by SEM 119nm

1500 84.3 - Filtered Particulate Mass 22mg
Room Temperature Volatiles (Water) 1%
Thermally Degassed Volatiles (FES) 61%
Carbonaceous Residue 38%
Exhaust Gas Temperature 130°C
SSA Before TD <7.5m"/g
SSA After TD 110m’ /g
Particle Size by SEM 101nm

Table 4,10 Composition.Data of Soot Obtained from the Ford DI
Engine with the ICF System at 3.3m
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much as expected (i.e. 150m2 /g). The pre-extracted soots were
then re-extracted by thermal degassing, and further volatiles
were released. The chromatograms revealed the releaée of
straight-chain n-alkane species tightly bound in the slit-shaped
micropores. The release of highly adsorbed FES also results in
a dramatic gain in SSA to the values reported in Table 4.9, as

the DCM and FES is released.

The thermally degassed control sample gave poor results.,
The initial SSA after the first éxtraction was only slightly
higher (it was expected to be around 150m2?/g) than the starting
SSA, despite a definite release of volatiles. Further degassing
released fuel molecules from the micropores but the SSA
declined. This was determined to due to reordering of the

lattice microstructure after removal of all FES.

Examination of data for approximate molecular sizes, using

molecular collision diameters (&) (Rigby et al, 1986) indicated

thét the carbon layer planes (<0.355nm) themselves could not act
as pores but where the planes opened into ultramicropores

(0.355 - 1nm) (Fig 3.8) (i.e. at crystallite junctions) then
fuel molecules could reasonably be frapped during particle
formation. DCM could potentially penetrate these
ultramicropores (<1lnm diameter) but would require sufficient
energy to overcome the overlapping van der Waal's forces effect

to extract the adsorbed hydrocarbons.
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The FES chromatograms showed the effectiveness of each
method with TD being the most efficient extracting both fuel and
oil-derived hydrocarbon species from all pore ranges. The
solvent methods were less efficient (<85% by mass for this
sample] and the solvent was permanently adsorbed within the

micropores, reducing SSA.

These results question the wvalidity of the standard
extraction methods, although it must be pcinted out the the
soxhlet method did extract 85% by mass of total extractable FES

of this sample collected at 170°C.

4.3.4 EXPERIMENT 4A COMPARISON OF THE DP FROM THE FOQRD DI ENGINE

AND THE RICARDO IDI ENGINE

The recently commissioned Ford DI diesel engine, was
operated to produce DP samples to compare with soots
from the Ricardo IDI engine. The fundamental differences
between the engines (e.g. number of cylinders, injection method
etc) and the lack of emissions data meant that only gqualitative
comparison could be achieved. The engines were operated at
1500rpm, 'half' (13.7Nm and 40.8Nm) and 'full’ (27.4Nm and
84.2Nnm) loads, over a five minute sample period at a sample
distance of 3.3m with the ICF. The DP samples were fully

characterised.
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The microstructure and TD extracted FES chromatograms of
the Ford engine soots are shown in Fig 4.20 and Fig 4.21, and
may be compared with the SSA, FES and microstructural data to be
shown in Section 4.3.5. The Ford DP had a similar
microstructure and SSA values to the Ricardo soots and showed
indication of closure in the upper-mesopore range. TD released
(340°C, 1mm Hg) a clearly defined chromatogram with
similarity between loads. The FES was composed of a regular oil
derived UCM with a super-imposed n-alkane series derived from
the fuel, which had experienced a distribution shift towards the
higher molecular mass hvdrocarbons as detailed by Trier (1988).
Again, TD unblocked the pores with an increase in SSA.

Table 4.10 displays the SSA data and compositional analysis for

comparison with Table 4.7.

The % FES mass for the DI engine were higher than expected
(Perkins - personal communication, 1989}, and one possibility is
that the fuel injector or engine timing was poorly adjusted.

The modern DI engine has been designed to meet low particulate
mass emissions legislation, so therefore the emitted
hydrocarbons may be more significant because they would
constitute a high % FES of DP mass and therefore the
hydrocarbons would be less tightly bound and more biocavailable.
The experiment showed that the filter system and analytical

procedures were easily adapted to study other engines.
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4.3.5 EXPERIMENT 5A SEQUENTIAL EGA AND MICROSTRUCTURAL

CHARACTERISATION OF DP

Two engine conditions (1500rpm, 13.7Nm and 27.4Nm) were
selected to produce DP for a programme cf thermal degassing over
a range of temperatures. The samples were treated in the normal
way, but extracted successively at increasing temperatures (120,
190, 290 and 340°C) with each volatile fraction collected
for GC characterisation. After each degassing, a full
adsorption/desorption isotherm was obtained to determine the

change in microstructure after release of the wvolatiles.

The two microstructural and EGA thermal series are shown
for both samples in Fig 4.22 - Fig 4.31 and the SSA data
summarised in Table 4.11. They show how the successive thermal
degassing released trapped volatiles firstly from the surface
and mesopores of the DP and at high degassing temperatures from the
micropores. The samples were taken from the exhaust at_
temperatures above 100°C and the vclatiles released from the
surface and mesopores were therefore largely high molecular
mass hydrocarbons and predominantly o0il derived, presumably
adsorbed after incipient particle formation. Greatest gains in
SSA occurred when the ultra-micropores opened with the release of
fuel derived ﬂydrocarbons. Differences in general isctherm

appearance is due to the plotted scales.
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1) Both samples initially had closed upper mesopores which
when degassed at 120°C opened, releasing a range of weakly
adsorbed hydrocarbons and increasing the SSA by 8-18m?/g.

The upper mesopores correspond to the surface adsorption sites
of the DP, and the removal of wvolatiles exposgd external surface

with a slight increase in SSA.

2) Degassing to 190°C, released further volatiles
which was shown by the change in microstructure. At low load,
when substantial quantities of FES existed on the small soot
mass, the release of volatiles produced a significant increase
of SSA to 43m2 /g, and all pore ranges opened, with a
release of 0il. Thus FES existed in all pore ranges (including
mesopores) and was released at relatively low temperatures at
these pressures. The high load sample however, showed no change
in microstructure or SSA and little FES release. This indicated
that all surface and mesopore adsorbed FES (i.e. all weakly adsorbed
volatiles) had already been removed by the first degassing and
that high load soots do not have a significant surface coating

of oil.

3) After thermal degassing to 290°C, both samples were
seen to release significantly more FES, particulary oil derived
hydrocarbons. The low load sample again opened in all pore
ranges increasing its SSA to 54m2/g. More noticable, was the

high load sample which increased its SSA to 220m2 /g due to the
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release of an oil UCM and an n-alkane series derived from fuel,
which had been highly adsorbed in the micropores. The low load
sample was still releasing mesoporous FES, which prevented the

release of microporous bound volatiles.

4) At 340°C, microstructural changes began to occur,
due to the repetitive heating. These changes did not occur
during single thermal degassing programmes. Such features have
been previocusly noted (Section 1.3.2) and related to the
reordering of the lattice structure. The low load sample
increased its upper-mescopores, perhaps indicating that the
agglomerate was disintegrating into individual more widely spaced
particles. The SSA also rose to 519m? /g, a very high
value which may question the accurate mass determination of DP
on the filter at low loads. Mass correction incurs greatest
error at low DP mass, therby making the S$SA multiplication
factor in Equation 3.6 too large. The FES were n—alkanes, which
intimated that the increase in micropore volume was due to a
release of straight-chain fuel molecules, which had been trapped
in the slit-shaped micropores. The full locad sample lost SSA by
a decline in micropore volume, indicating that the prolonged
sample heating and loss of volatiles allowed contraction of the
lattice structure, becoming more ordered and graphitic in

nature.

In conclusion, it appears that thermal degassing
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efficiently removed FES from DP. 1Initially at temperatures
€290°C, weakly adsorbed surface hydrocarbons were extracted
which produced a small gain in SSA, and released FES whose
composition was largely oil-derived (this is related to exhaust
sampling temperature) scavenged by adsorption processes in the
exhaust. At higher temperatures micropores were unblocked,
giving high SSA values and releasing oil and fuel derived
hydrocarbons; the fuel hydrocarbons, dominated by linear
n-alkane molecules, were released from the smallest pores
(ultramicropcres 0.355 - 1nm) and only released after prolonged
degassing. The o0il hydrocarbons existed in larger micropores
(super micropores 1l-2nm). The low load DP with its high % FES,
had FES adsorbed in all pore ranges, whereas the high load
sample with low % FES had two distinct fractions; a surface FES
{adsorbed during TDCS) and a microporous FES (trapped during

soot formaticn).
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ENGINE CONDITION AND DP SSA

SPEED LOAD LOAD
1500rpm  13.7Nm 27 .4Nm
RT g°c | <7.5m’/g 109m* /g
100°¢ <7.5m’ /g 127m’ /g
170°¢ 43m’ /g 127m” /g
270°¢ 54m’ /g 220m’ /g
320°C 519m* /g 147m’ /g

Table 4.11 Engine Condition and SSA for Two DP Samples
Sequentially Degassed at Successively Higher Temperatures
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4.4 SUMMARY OF RESULTS

The physical and chemical character of DP has been studied,
together with the interaction between UHC and DP over a range of
engine conditions. The experimental work was facilitated by the
development of innovative methods of filtration, extraction and
analysis. The significant results from the previous chapters
are presented below, and the salient exhaust processes are

systhesised in terms of a conceptual model.
4.4.1 THE CHARACTER OF DIESEL PARTICULATE

The physical character of DP depended on fuel type and
engine condition, specifically temperature and equivalence
ratio. Soot production was favoured in a high temperature,
fuel-rich diffusion flame environment and was greatest for the
diesel engine at high speeds and loads. The carbonaceous diesel
particles of 30-40nm mean particie diameter formed aggregates of
uptoqlpm size during transport along the exhaust system and into
the atmosphere. The microstructure of the DP consisted of
platelets which were arranged turbostratically within the
particle matrix. Structural analysis confirmed that slit-shaped
micropores (Type II isotherms, <2nm pore diameter) were formed
between these crystallite layers. Aggregated particles showed
evidence of 'ink-bottle' mesopores (Type IV isotherm, 2-50nm

pore diameter). The SSA of the soots varied (from <7.5m to
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>220m? /g) depending on engine condition and the available

quantity of adsorbable UHC in the cylinder and exhaust.

4.4.2 IDENTIFICATION OF UNBURNT HYDROCARBONS IN THE EXHAUST

The TES samples indicated that the gasecus UHC's in the
exhaust were primariiy fuel-derived hydrocérbon species
consisting of normally distributed n-alkanes and aromatic
parent/alkyl naphthalenes and phenanthrenes. 0il derived
species (as a UCM hump) were also observed, and they showed
greater dominance in the TES when the engine was operated at
higher loads because the o0il consisted of higher molecular mass
branched and aromatic hydrocarbons which were more resistant to

pyrolysis.

4.4.3 THE INTERACTION BETWEEN UNBURNT HYDROCARBONS AND DIESEL

PARTICULATE IN DIESEL EXHAUSTS

The FES filtered samples, taken along the exhaust
demonstrated that a number of processes were actively
influencing the composition of the diesel particulate.

The individual paricles agglomerated to form larger soot
flocculates. The UHC were taken up by the soots, possibly
aiding the aggregation process. The coatings of carbonaceous
material {(primarily FES) reduced the SSA's of the soots by

blocking the pores and reducing the amount of internal surface.
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The inter-relationship between DP and UHC depended upon the
in-cylinder formation conditions, exhaust temperature and

relative quantites of the both adsorbent and adsorbate.

The results obtained in this thesis have been systhesised
in terms of a conceptual model which interprets the soot-UHC
processes long the exhaust system. Fig 4.32 summarises the
formation and transport processes for diesel particles.

The diagram shows that:

1} At low load, the low DP mass formed, becomes saturated
by the large quantity of in-cylinder UHC's which adsorb in the
micropores (between the crystallites) giving the soots low SSA's
(<20m? /g). Linear n-alkane fuel molecules fill the smallest
pores {ultra-micropores, 0.355nm - 1.0nm pore diameter) having
been trapped during the formation of the carbon lattice. 0il
and fuel hydrocarbons may be scavenged later in the larger
micropores (super-micropores, 1 - 2nm pore diameter), by bulk
quenching and in-c¢ylinder adsorption. The contribution that oil
makes to DP FES at high exhaust temperatures, is significant
{perhaps 40%), because as the o0il exits the cylinder, it rapidly
condenses onto the soots, whereas the lower molecular mass fuel
molecules remain in gaseous state. High surface area soots
{SSA's of >100m2 /g) were formed at high temperatures and load
when fuel was efficiently burned and less UHC was trapped within

the large quantity of soot.
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The chemical changes in the DP are summarised in Fig 4.33,
which shows, in conceptual form, the relative amounts of oil and

fuel-derived FES. The diagram shows:

2) That oil forms a significant portion of the FES mass.
The contribution that o0il makes, appears consistent in the
exhaust depending on engine condition (50% at low load and 5% at
high lcad). Along the exhaust, a process termed Temperature
Dépendent Chemical Scavenging {TDCS) was observed. As the
exhaust gas temperature declined, so adsorption of fuel derived
UHC occurred onto the DP, increasing the particle size and
enhancing the aggregation of the particle into soot chains.
The FES may become a significant fraction (47-84%) of the DP
mass; especially at low temperatures and low load. This
adsorption of fuel UHC, ~ reduced the SSA slightly, sincé the
carbon surface only contributed about 33% to the total surface

area of the soots.

The DP filtered from the Ricardo IDI engine, was compared
to that filtered from the modern Ford DI engine. It was shown
that the microstructures were similar which suggested that
similar combustion processes were occurring in both engines.
However, the modern engine had lower DP emissions which caused
high relative % FES for all engine conditions, giving low SSA's.

The filter system was easily transferable between exhaust
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systems, showing the wide applicability of this cheap,

reproducible sampling method.

As the sophistication of engines increases and the
legislation on exhaust composition is tightened there is a need
to improve the information contained in emission maps for
engines. One of the possible ways of achieving this is shown in
Fig 4.34 and 4.35. The former diagram shows the % FES and DP
mass super-imposed on a conventional Bosch Smoke emission map
for the Ricardo E6 engine. The data for the engine fitted with
a 1.3m exhaust, shows that for Bosch Smoke values in the range
0.75 to 1.0, the DP mass is about 20mg and there is about 50%
FES. On the other hand for Bosch Smoke values in the range
3.0 to 4.0, the DP mass is about 50mg, but there is only 10% FES.
Figure 4.35 shows the data for the Ricardo engine fitted with
the 3.3m exhaust. This shows similar results but the lower

temperatures have increased the % FES on the soots,
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CHAPTER 5 CONCLUSIONS, RECOMMENDATIONS AND FURTHER WORK
5.1 CONCLUSIONS

1) An innovative hot whole exhaust filtration system was
developed to filter DP on selected filter media (Pallflex TX-40
and Whatman QMA). The technique was superior to other available
methods of DP collection because; it provided sufficient sample
mass for detailed gravimetric and chromatographic studijies, it
minimised artifical UHC condensation, it could sample at a range
of temperatures (100-340°C), and allowed investigation of the
interaction between UHC and DP at various locations aléng‘the
exhaust of diesel engines. The method proved robust, portable,

inexpensive and it gave reproducible results.

2) Microstructural analyses by electron microscopy (SEM and
TEM) and by a gravimetric¢ BET method were used to determined
particle size and particle microstructure, respectively.
An in vacuo gravimetric thermal degassing (TD) apparatus was
constructed, which efficiently extracted the high molecular mass
volatiles and trapped, for later analysis by gas chromatography.
The thermal environment was tailored to suit the most favourable
UHC volatile extraction conditions (20-440°C temperature,
760-0.1mm Hg pressure) thereby reducing the potential for
hydrocarbon pyrolysis, DP oxidation and thermal changes toc soot

structure (e.g. swelling).
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3) The thermal degassing {TD)} apparatus was refined to
allow on-filter evolved gas analysis (EGA) to be performed on
the DP. Thus, labile FES volatiles adsorbed in the internal and
exXternal pore sites could be removed efficiently from the socot
particles. The resultant changes in microstructure after
desorption were noted and linked to specific hydrocarbon

fractions and changes in SSA.

4) Characterisaticn of DP has shown them to be highly
porous with two adsorbed FES fractions. Firstly, a highly
adsorbed microporous FES fraction (trapped during in*cflinder
formation) which predominantly influenced the soot SSA.
Prolonged thermal degassing was shown to release fhe most
tightly bound FES fractions giving high SSA's, but this
eventually caused reordering of the lattice structure and loss
of 8SA. Secondly, a weakl& adsorbed mesoporous and'
particle-surface FES fraction was observed which had been
scavenged from the exhaust stream by Temperature Dependent
Chemical Scavenging. Thus engine condition influenced SSA, but
temperature and UHC emissions affected the scavenging efficiency

of the DP.
5) The TD technique was shown to be superior to other

available methods for the extraction of all pore-bound FES

fractions. Soxhlet extraction failed to extract the microporous
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FES which may amount to at least 15% of ‘total adsorbed UHC
depending on engine condition and sample temperature. The
solvent methods were less effective because the solvent could
not penetrate the micropores with sufficient energy to overcome
the enhanced adsorption forces that tightly bound the
hydrocarbon molecules. Furthermore the smaller sclvent
molecules tended to reduce the soot SSA's because they became

permanently adsorbed in place of the UHC that had been extracted.

6) A conceptual model has been eludicated to summarise
the interaction between UHC and DP in the exhaust.
This sucéessfully details the salient exhaust processes that

influence the compostion of soots formed from a diesel .engine.
5.2 RECOMMENDATIONS

The physical and chemical character of diesel particulate
and adsorbed hydrocarbons has been further eludicated by this
research. FKnowledge of the microstructure of diesel particulate
is important for assessing the biocavailability of adsorbed PAH
compounds. Clearly, highly adsorbed species, will not be easily
extracted by body fluids, but may pose a chronic risk especially

if the particle is brcken up by body action.

This report suggests that hydrocarbon emissions must be

reduced by better injection and combustion. This is important
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since modern engines now produce lower levels of DP and
therefore the UHC's will only be able to adsorb to the solid
particle surface and in mesopores, therefore being more

bicavailable.

An advantage of soot emissions, is that the DP readily
adsorbs gaseous UHC, thus allowing both emission products to be
removed by particulate traps. As DP emissions decline, sc¢ the
gaseous component would increase, and traps may not be so
efficient. The TDCS process would be enhanced if the exhausts
were designed to reduce the exhaust gas temperature, e.g. using
cooling fins. The predicted change towards more aromatic fuels

will enhance DP formation and thus aid this strategy.

5.3 FURTHER WORK

1) The filter system should be coupled to TESSA to obtain a
definitive exhaust sampling system capable of sampling the
gasecus, mesoporous and microporous UHC fractions of the exhaust.

This could be easily applied to a variety of modern DI engines.

2} The DP from the modern DI engines should be studied.
The higher relative quantities of % FES would suggest that the
microporous PAH in these particulate would be very high, over a
wide range of conditions and might pose an chronic environmental

risk.
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3) The soot from radio-labelled TESSA studies should be
examined to determine whether this soclvent technique has
'scrubbed microporous bound FES. It is hypothesised that some
radio-lgbelled UHC's (pyrolysis products etc} would become
trapped in the micropores and thus not extracted by TESSA.
This could be assessed to give a clearer understanding of

combustion processes.

4) The TD method, if developed non-gravimetrically would be
cheap, simple to operate and could be coupled directly to a GC
instrument. The gravimetric instrument used in this work
allowed better understanding of the sample degassing behaviour

and thus aided sample handling.

5) The microporous FES should be further characterised by
GC-MS and fractionation to determine it's detailed composition
and it's significance to the total FES. The PAH fraction, it's

mutagenicity and biocavailability could thus be investigated.
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1. INTRODUCTION

Diesel particles (DP) and unburnt hydrocarbons (UHC) are the emission
products of diesel engine combustion, which is controlled by air/fuel
ratio (AFR) and engine stoichiometry. High AFR (from low load on engine)
results in fuel "lean" combustion, giving high UHC and low soot emissions.
Low AFR {at high engine loads).gives fuel "rich" combustion with low UHC
and high scot emissions.

DP consist of carbonaceous particles with a densitg of 1600-2000 kg/m3.

The microstructure is thought to be composed of 10Y¥ turbostratically
arranged crystallites, each having 2-5 platelets of carbon atoms in a
hexagonal face-centred array (1). The formation mechanism of DP is poorly
understood but consists of overlapping stages:- Pyrclysis, nucleation,
surface growth, aggregation (2). The amount of soot formed in a combustion
system is usually very small compared to the total carbon of the fuel.

UHC is composed of unburnt fuel and lubricating oil, which as the exhaust
temperature declines may condense or adsorb on the DP. Condensation is
favoured in low dilution ratio environments with low filter temperatures
and high hydrocarbon concentrations and only likely with lubricating oil.
Adsorption is the adherence of UHC to DP by either chemical or physical
(van der Waal) forces (3). Adsorption has been found to be the most
dominant exhaust process (4-6). Adsorbed UHC may amount to 75 wt-% of DP.

In the present research, the physico-chemical relationship between DP and
UHC has been studied and the effect of UHC adsorption on DP microsctructure.

2. EXPERIMENTAL

The engine used was a Ricardo E6/T with Comet Mk V IDI head and a )
compression ratio of 22:1. Before each sampling session it was pre-
conditioned and then stabilised to the required engine state. The filter
unit was preheated by the exhaust gas and a pre-extracted by ultrasonic-
ation (5 min) in dichlormethane (DCM) to remove buried soot from the
filters. Electron micrographs were taken of the fresh soct-ladenfilters.
Specific surface area (SSA) and porosity were determined by a gravimetric
BET nitrogen gas sorption technique (7). Then thermal degzassing of the
soots was undertaken in vacuo at 350°C (90 min) to remove adsorbed UHC,
before the SSA was redetermined. The engine was run at 1500 and 1750

rpm speed (13.4 and 27.9 Nm load) and filters were taken at two positions
down in the exhaust:- CLOSE {30 cm) and FAR (230 cm). from engine.
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3. RESULTS AND DISCUSSION

The filter loading of UHC and DP reflected the classical AFR relationship:-
High AFR causes high UHC and low soot (Fuel "lean™" at low loads)

Low AFR causes’ low UHC and high soot (Fuel "rich" ‘at high loads).

As Table 1 shows, the mean particle diameter was greater at high loads
when more soot was produced. Additionally, the higher gpeed gave smaller
particles probably because of higher temperatures enhancing carbon
oxidation after initial formation.. However, the SSA of these soots do not

Table 1 Particle Size and Specific Surface Table 2 SSA Data and Exhaust Temperacure
Area against Engine Condition. against Engine Condition and Filter
: Position.
ENGINE CONDITION FILTER POSITION CLOSE EXGINE CONDITION FILTER PCSITION
Spaed Load Particle Size  Specific Surface Ares Close Far
(E.4. na) (554 =&'/g) Speed Load A/B AlD
1500rpa  13.T= 10.2n0 66.6a"/g 1500rpa  13.7Na 51.4 7 66.8 (+4232) 70.5 / 106, (+3a1)
, {130°C) (100*C)
27.4Mn 11.7nn 112a'/g
\ 27.4Na 103.5 /7 113 (+8Z) 35.1 / B2.8 (+131)
1750rpm  14.2Nm 9.lea 6ha'/g (333°C) {150°C)
27.9%s 10.4na B4.7a" /g 1750rpa  }4.24a 47.3 / 64 (4262)  &6.5 / BO.J (+42I)
(190°C) (143°C)
Particle Size from aesn diacecters of 20 sampies
27.98a B0.6 / 8&.7 (+32) 99 / 110 (+101)
{340°C) (260°C)

Excra Sasple (Brushed, Unestrsctad)

1300rpm  27.4Ha

86 / 156 (eiI)
(130°C) -

SSA data in .?'-l

‘A’ reters to noroal SSA Deterwinscion -data,
‘B’ reters to Theroal Outgessed S5A dere.
Tomperaturs of Exhaust Gas in Psrenchesta,

10 K 13%a'y”

1300 pw L]
:l h.! 1
L

o m2.8eg!

A M.le'y

=y

- A/
Lensis 7

Samsle

]
0
S AMdeorotion iove i Asorstion loos
[ o o 3 Owserstion loop [ Desorytion Loop
Q
'y -]
° 0.3 i.0 ° 0 0.3 1.0 g
- L]
Perticias Estracted by UDOM frem Fslllles Filtare Particles Litracied by Srusanag frem Pallllez Filtwrs
Fig 1 Fig 2

. Hysteresis Loops for Diesel Scots collected and extracted by
gD?H and Brushed methods. )
A' refers to normal SSA data.

'B’' refera to Thermal Outgassed SSA data.
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SUMMARY

The physical and chemical character of Diesel Particulate (DP) has been
determined. Electron Microscopy (EM) and a gravimetric BET method (BET)
determined particle size and specific surface area (SSA). Two different
diesel engine types (direct injection (DI) and indirect injection (IDI)) were
run at similar operating conditions and DP collected by filtration of the
exhaust gas at temperature without dilution.

An in-vacuo gravimetric thermal degassing (TD) apparatus has been
constructed to extract adsorbed hydrocarbon volatiles from the DP, during a
slow heating program. The desorbed volatiles were trapped and analysed by
gas chromatography (GC). The carbons were fuel and o0il derived unburnt
hydrocarbons (UHC), trapped within the slit-shaped micropores and 'ink-bottle’
shaped mesopores/surface of the aggregated diesel particles.

INTRODUCTION

Diesel engine combustion produces emission products, which include
partially pyrolysed or unburnt hydrocarbons (UHC) which may adsorb onto diesel
particulate (DP) which is co-formed. The UHC include some potentially
carcinogenic hydrocarbon species (eg polyaromatic hydrocarbons (PAH's))(1l).

The physico-chemical interaction between DP and UHC was studied, so that engine
manufacturers, environmental scientists and emission legislators might further
understand exhaust processes and assess health risks.

The character of DP and UHC has been reported previously (2). DP are
carbonaceous particles, varying in size from 5 to 100nm in diameter (for incipier
to aggregated particles) and possess a complex microporous and aggregate
structure. UHC adsorption during formation depends on engine load. Low engine
load produces 'fuel rich' conditions and the DP formed is 'saturated' with UHC
trapped in the slit-shaped micropores (<2nm diameter) thus giving soots of low
SSA (¢20m’/g). High load conditions, have high DP production and 'fuel lean'
conditions and therefore less UHC is trapped in the micropores and SSA values
are higher (upto 100m’/g). In the exhaust, temperature controls UHC adsorption
to the 'ink-bottle' mesopores (2-50nm diameter) and macropore/surface (>50nm).

" This UHC adsorption only slightly decreases SSA but enlarges particle size and
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encourages particle aggregation to form large fluffy structures (3). The UHC
collected by the filter, at temperature and extracted by any method is termed
filter extracted sample (FES).

A previous study (2) identified the exhaust process, termed temperature
dependent chemical scavenging (TDCS) and examined how DP SSA varies between
engine conditions. for ultrasonicated soots. These were then subjected to TD
which desorbed the FES, opened the pores and increased SSA. Unfortunately, the
volatiles could not be collected. Thus an in-vacuo evolved gas analysis (EGA)‘
system has been constructed to trap the desorbing FES for analysis by gas
chromatography. This method offers the advantages of a fast solvent-free

extraction without fibre contamination (4).

EXPERIMENTAL

The engines used were a single cylinder Ricardo E6/T with Comet Mk 5 IDI
head (compression ratio 22:1, cylinder volume 0.51) and a pre-production four
cylinder Ford DI (compression ratio 19:1, cylinder volume 2.51) engine.

The engines were preconditioned for 1 hour (full speed and load) before being
stabilised to the required engine state of 1500rpm and full load (27.4Nm and
84.2Nm respectively). Filter samples were taken at 3.3m down an exhaust of
4.2cm I.D. DP filtered using a specifically designed unit was collected on
Pallflex TX-40, teflon/borosilicate glass fibre filters. The mass loading was
determined by the filter weight gain measured after equilibraticn in an humidity
box (Rh 60%). The exhaust gas volume of the DI engine limited the filter to Py
full exhaust flow.

Electron micrographs were taken of the fresh DP. Specific surface area (SSA)
and pore character were determined on-filter by a gravimetric BET NZ adsorption
technique (5). The TD apparatus (Fig. 1.) degassed DP on-filter. A CI
Electronics Mk II balance head used for the BET method, was adapted to accept a
glass sample envelope (with Pt/Rh 137Z thermocouple to monitor temperature),
around which a heating furnace could be raised. The filter sample was suspended,
and a cold trap filled to be within 4cm of.thé sample. The apparatus was
evacuated to lmm Hg pressure to remove those volatiles with an appreciable vapour
pressure at room temperature (mainly water). Liquid Nz was added to the cold
trap dewar and the temperature program initiated (approx 5°C/min to 320°C).
Weight and temperature changes were recorded on a coupled chart recorder.

Samples could be degassed at preset temperatures, the volatiles collected and
microstructure re-examined.

A Cario Erba HRGC 5360 equipped with cold on—column injection and an FID was
employed to analyse the volatiles removed from the trap with dichloromethane (DCA]
The DCM soluble FES was reduced in volume (rotary evaporation, 30°C) and

transferred quantitatively to a preweighed vial (1.75ml) and Nz used to blow down
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because of its high FES content. Analysis of the chromatograms showed that both
sa@ples contained an unknown complex mixture (UCM) of branched hydrocarbons and
p&lat compounds, which correlated with the retention time of lubricating oil.

An n-alkane series of peaks was also evident (identified by co-injection of
standards) which corresponded to the higher molecular'weight hydrocarbons left

after combustion of the fuel.

CONCLUSIONS
The vacuum microbalance techniques is advantageous over convential carrier

gas methods by more efficiently removing higher boiling point UHC
quantitatively at lower temperatures. This reduces‘the possibility of

decomposing the volatiles and changes of the DP through\ﬁicrostructural thermal
J
swelling. The technique also permits determination of.the changes in surface

area and porosity of the DP on progressive removal of volatiles.
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INTRODUCTION.

Diesel engine combustion produces emission products, which
include partially pyrolysed or unburnt hydrocarbons (UHC) which
are found adsorbed ontec diesel particles (DP) which are
co-formed. The UHC include some potentially carcinogenic
hydrocarbon species {e.g. polyaromatic hydrocarbons (PAH's)) (1l}.
The physico-chemical interaction between DP and -UHC was studied,
so that engine manufacturers, environmental séientists and
emission legislators might further understand combustion and

exhaust processes to assess potential health risks.

The character of DP and UHC has been reported previously
(2,3). DP are carbonaceous aggregates, which possess a complex
microstructure (similar to graphite) and a high specific surface

area (SSA). The relative quantities of UHC and DP depend on
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engine condition which control in-cylinder combustion
temperatures. Low engine load produces 'fuel rich' conditions
and the DP formed is 'saturated' with UHC trapped in slit-shaped
micropores (<2nm diameter) thus giving scots of low SSA

(<20m2 /g). High locad conditions, have high DP. production and
'fuel lean' combustion, and therefore less UHC are tfapped and
SSA values are higher (upto 100m?/g). A previous study (2)
identified the exhaust process, termed temperature dependent
chemical scavenging (TDCS), when UHC adsorbs and/or condenses to
the 'ink-bottle' mesopores of 2-50nm diameter (formed between
particles) and onto the soot surface. TDCS slightly decreases
SSA and enlarges particle size, encouraging particle aggregation

and the formation of large fluffly scot structures.

EXPERIMENTAL

The experimental details of the engine and sample collection
process have been reported previously (3,5). Thé exhaust
filtration method produces a scoot laden filter from which a
£ilter extractable sample (FES) may be extracted. Specific
surface area (SSA) énd,pore character were determined on-filter
by a gravimetric BET Né adsorption technique (4). The SSA of the
collected soot was deduced after allowing for the SSA of the
filter (5). The BET apparatus was adapted for evolved gas

analysis (EGA) of the thermally extracted volatiles, with
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analysis by gas chromatography. Fig. 1. shows the thermal
degassing apparatus which efficiently (<95%) extracted high
molecular mass velatiles at low pressure (1lmm Hg) and at
temperatures <340°C. This apparatus was advantageous over
nitrogen gas flow methods because it reduced the potential for
volatile condensation during transfer to the trap, minimised
buoyancy and gas vibration problems and reduced the potential for
thermal changes in the solid matrix. This paper descibes a set
of experiments when a low lcad diesel soot sample was
progressively degassed at successively higher temperatures

in vacuo, with the changes in microstructure and SSA compared
with the released volatiles. The sample was successively heated.
at 120, 190, 290 and 340°C, and each volatile fraction collected.
The SSA and pore character was determined before and after

each heating stage. This technique was also compared to

standard methods of UHC extraction: ultrasonication and soxhlet

extraction (6).
RESULTS AND DISCUSSION

1. SEQUENTIAL DEGASSING OF DIESEL SOOT

The sample (Fig. 2.) initially showed a low surface area
(<7.5m2 /g) because the UHC were blocking the pores of the soot
matrix. The soot had blocked upper mesopores (>8nm pore

diameter) which unblocked when degassed, releasing a range of
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weakly adsorbed hydrocarbons and increasing the SSA by 8m2/g.
Further degassing {to 190°C) released a significant quantity of
high molecular mass volatiles (which corresponded to the
lubricating oil retention window, 24-38minutes) producing a
significant gain in SSA (to 43m2 /g}) and all pore ranges were seen
to open. At 290°C (Fig. 3.), significantly more oil derived
hydrocarbons were released, as the pores continued to release
high molecular mass hydrocarbons but with only a small SSA
increase (to 54m? /g). At 340°C (Fig. 4.), the structure of the
DP began to change as the last volatiles are released. The SSA
increased to 519m2? /g, as the micropores released highly adsorbed
low molecular mass hydrocarbons which corresponded with the fuel
retention window (8-24minutes).

The fuel species were presumably trapped during the initial
formation of the crystallite 1ayersrand tightly held by the over
1a§ping van der Waal field's. 0il appeared to be more weakly
adsorbed in larger pores trapped after soot formation in mesopores and
on the particle surface and this may be strongly linked to the

process of TDCS.

2. COMPARISON BEWEEN EXTRACTION METHODS

Thermal degassing {(TD) {2hrs) was compared to the standard
solvent extraction techniques of soxhlet (24hrs) and
ultrasonication {0.5hrs) (dichloromethane (DCM), 150Cml). Changes

in microstructure, SSA and FES were noted and full details have
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been reported (3). The isotherms were all similar.

‘Table 1. and Fig. 5. illustrate how the extraction technique
affects the soots and their composition. In the solvent methods,
DCHM molecules penetrated the pores, extracting the weakly-bound
mesoporous/surface UHC but not the highly adsorbed microporous
hydrocarbons. The DCM did however, become permanently adsorbed
and reduced the SSA by 17-24m?2/g. The more energetic
ultrasonication method enabled DCM molecules to penetrate more
deeply and reduce the SSA to 74m? /g. The soots pre—-extracted by
the solvent methods were then re-extracted by thermal degassing,
and further volatiles were released. The chromatograms revealed
the release of straight-chain n-alkane species presumably highly
adsorbed in the slit-shaped micropores. The release of highly
adsorbed FES also results in a dramatic gain in SSA to the values
reported in Table 1, as the DCM and FES is released,

The thermally degassed control sample gave poor results.
The initial SSA after the first extraction was only slightly
higher (it was expected to be around 150m2 /g) than the starting
SSA, despite a definite release of volatiles. Further degassing
released fuel molecules from the micropores but the SSA declined.
This was determined to due to reordering of the lattice

microstructure after removal of all FES.

The FES chromatograms showed the effectiveness of each

method with TD being the most efficient extracting both fuel and
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oil-derived hydrocarbeon species from all pore ranges. The
solvent methods were less efficient {(only 85% by mass for this
sample) and the solvent was permanently adsorbed within the

micropores, reducing SSA.

SUMMARY.

An EGA technique was employed to study the interaction between
diesel particles (DP) and unburnt hydrocarbons (UHC) in a diesel
exhaust. A gravimetric BET method for specific surface area was
used before and after thermal degassing, in a wvacuum microbalance
system, at preset temperatures to simulate the exhaust system.
Desorbed volatile UHC were trapped and analysed by gas

chromatography.

Characterisation of UHC showed them to be derived from fuel and
lubricating oil from within the cylinder. Two UHC fractions
existed; a largely fuel-derived microporous-bound fraction,
trapped during DP growth, and a meso-porous fuel/oil-derived
fraction presumably adsorbed after DP formation. TD proved more

efficient for the extraction of FES than standard ultrasconic or

soxhlet methods.
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