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Questions

n What are the general classes of 
compounds present in today’s emissions? 

n Does the vehicle operating cycle change 
the chemical profile in the exhaust 
emissions? 

n What quantities are being emitted?
n What are the limits of detection for future 

analytical techniques?



What make up diesel PM

n Unburned Fuel
¨ Predominately Unresolved Complex Mixture (UCM)
¨ Fuel Additives 

n Unburned Lube oil
¨ Predominately Unresolved Complex Mixture (UCM)
¨ Lube additives

n Pyrolyzed Fuel (and Lube Oil)
¨ Source of Elemental Carbon (EC)

n Residual of Combusted Fuel (and Lube Oil)
¨Metals and other inorganic species

n Engine Wear
¨ Trace metals



GC peaks. The gas-phase portion of the UCM consists of
high molecular weight semivolatile organics that are in the
aggregate emitted at a rate of 54 mg km-1, slightly less than
half that of the total carbonyl mass emission rate, while the
particle-phase UCM contributed an additional 41.4 mg km-1.

The composition of the UCM found in the particle phase
was very similar to motor oil when analyzed by GC/MS. The
distribution of hopanes and steranes in the fine particle
exhaust emissions and in motor oil was found to be very
similar as well. For these reasons, the UCM contained in the
fine particulate matter emitted was quantified according to
a GC/MS response factor obtained by using motor oil as a
standard. Quantifying the UCM by this method closes a mass
balance on the organic carbon collected on the quartz fiber
filters to within 20% as analyzed by thermal evolution and
combustion analysis and by GC/MS analysis. The vapor-
phase semivolatile UCM collected on the denuders and the
PUF plugs was quantified by the same procedure, because
the GC/MS response factor for motor oil was close to that
of n-alkanes in the carbon number range from C14 to C24 on
a total ion current (TIC) basis.

The remaining high molecular weight carbonaceous
species emitted in the diesel exhaust include resolved vapor-

phase semivolatile and particle-phase organic compounds
plus elemental carbon, as summarized in Figure 3. Elemental
carbon contributes 56 mg km-1, while an additional 14.4 mg
km-1 can be accounted for in terms of the individual organic
compounds shown in Table 2. Included in the resolved
organic compounds are n-alkanes, PAH, isoprenoids, satu-
rated cycloalkanes, organic acids, hopanes, and steranes.

The n-alkane emission rates are greatest in the carbon
number range from C12 through C20, averaging over 400 µg
km-1 for most individual n-alkanes in this range. n-Butane
and n-pentane are also emitted at high rates at 3830 and
1860 µg km-1, respectively. As the concentration of the C4

and C5 alkanes was not analyzed in the diesel fuel, it is unclear
whether these compounds are formed in the diesel engine
combustion process or if they were originally present in
solution in the diesel fuel. Likewise, isopentane and other
low molecular weight branched alkanes shown in Table 2
are emitted at relatively high rates. These unexpected high
emission rates for butane, pentane, 2-methylpentane, and
2,2,4-trimethylpentane still only sum to less than 0.1 g per
liter of diesel fuel burned.

Individual organic compounds in the class of branched
C14 through C20 alkanes known as the isoprenoids are emitted

FIGURE 3. Material balance on the gas-phase, semivolatile, and particle-phase organic compounds emitted from medium duty diesel trucks
driven over the hot-start Federal Test Procedure urban driving cycle on a chassis dynamometer.
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In Figure 17, the EI of PM2.5 is plotted against the 
equivalence ratio for the three fuels for the CARB 8-
mode test cycle.  The EI of PM2.5 was observed to 
be a U shape exhibiting a minimal point at 
equivalence ratios of between 0.3 and 0.34.  The 
PM2.5 increased exponentially as the equivalence 
ratio increased from the minimal point and as the 
equivalence ratio decreased from the minimal point.  
Greater increase in the PM2.5 was observed at the 
higher equivalence ratios than at lower equivalence 
ratios.  Fuel B and F-T fuel showed significant 
decreases in the PM2.5 relative to Fuel A when the 
equivalence ratio was above approximately 0.6.  F-T 
fuel exhibited greater reduction in the PM2.5 than did 
Fuel B.  The reduction in the PM2.5 became larger at 
the higher equivalence ratios.  In the equivalence 
ratio range of between 0.15 and 0.6, the differences 
in the PM2.5 between the fuels were statistically 
insignificant; indicating that the PM2.5 may not be 
sensitive to the fuel types in this range of the 
equivalence ratio or those measurements cannot 
resolve the data at this level.  Below an equivalence 
ratio of approximately 0.15, the advanced fuels 
produced smaller amounts of the PM2.5.  This time 
Fuel B attained a higher reduction in the PM2.5 than 
F-T fuel.  It is of interest to speciate the detailed 
chemical composition of the PM2.5 to understand 
which fractions of the PM were significantly impacted 
by the fuel composition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Emission index (EI) of PM2.5 vs. 
equivalence ratio for Fuel A, Fuel B, and F-T fuel for 
CARB 8-mode test cycle. 

ELEMENTAL CARBON (EC) – Figure 18 shows the 
EI of EC as a function of equivalence ratio for the 
three fuels for the CARB 8-mode test cycle.  The 
data for each fuel indicated that the EI of EC 
increased exponentially as the equivalence ratio 
increased.  Differences in the EC, attributable to fuel 
composition started appearing at the equivalence 
ratio of approximately 0.6.  The differences in the EC 
between the fuels at equivalence ratios above 0.6 
were statistically significant.  In the equivalence ratio 
range of between 0.15 and 0.6, the effect of the fuel 
composition on the EC was statistically insignificant.  
At equivalence ratios below 0.15, Fuel A showed 
higher EC than the other two fuels. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Emission index (EI) of EC vs. equivalence 
ratio (φ) for Fuel A, Fuel B, and F-T fuel for CARB 8-
mode test cycle. 

ORGANIC CARBON (OC) – The EI of OC is plotted 
against the equivalence ratio for the three fuels in 
Figure 19.  For the fuels tested, the EI of OC 
increased exponentially as the equivalence ratio 
decreased.  It was observed that the differences in 
the OC between the fuels were statistically 
insignificant at equivalence ratios above 0.15.  At 
equivalence ratios below 0.15, Fuel A showed 
significantly higher OC than the advanced diesel 
fuels with Fuel B attaining the lowest OC among the 
fuels. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Emission index (EI) of OC vs. equivalence 
ratio for Fuel A, Fuel B, and F-T fuel for CARB 8-
mode test cycle. 
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2-) – Most of sulfates are believed to 

originate from sulfur compounds in the fuel with only 
a small portion coming from the lubricating oil.  Most 
of the sulfur in the fuel is emitted as sulfur dioxide 
(SO2) along with a small amount of sulfur trioxide 
(SO3).  The sulfates are then formed by reaction 
between SO3 and water (H2O) [6]. 

In Figure 20, the EI of sulfates (SO4
2-) is plotted 

against the equivalence ratio for the three fuels.  The 
result shows that the sulfur content in the fuel 
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PAH Emissions

25% 50% 75% 100%
0

5

10

15

20

25

30

35

40

B
el

ow
 d

et
ec

tio
n 

le
ve

l

B
el

ow
 d

et
ec

tio
n 

le
ve

l

P
ol

yc
yc

lic
 A

ro
m

at
ic

 H
yd

ro
ca

rb
on

s 
[P

A
H

s]
 [u

g/
ih

p-
hr

]

% Engine Load

Engine Speed: 1200 rpm
 Fluoranthene
 Acephenanthrylene
 Pyrene
 Methyl sub. MW 202 PAH
 Benzo[ghi]fluoranthene
 Cyclopenta[cd]pyrene
 Benz[a]anthracene
 Chrysene/Triphenylene
 Methyl sub. MW 228 PAH



Hopane and Sterane Emissions
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Changes in PM Composition 
n Factors Effective PM Composition

¨ Engine Design
¨ Engine Maintenance
¨ Fuel and Lube
¨ Engine Operating Condition

n General Trends
¨ EC percent of mass increases with load
¨ OC percent of mass decreases with load
¨ Removal of contaminants from lube and oil can lead 

to reduction in emissions of these contaminants
¨Metals emissions effective by lube oil consumption



Analytical Methods
n Significant advances in PM measurements that 

can benefit engine testing and certification
¨ Chemical analysis
¨ Instrumentation

n Core methods 
¨Mass – Microbalance
¨ Organic and Elemental Carbon

n Thermal evolution and combustion
¨ Sulfate – IC 
¨ Trace elements – ICP and ICPMS
¨ Organic Speciation – GCMS 



Detection Limit Assumptions

n Example 
¨ 400 BHP Engine
¨ 20 minute test
¨ Dilution ratio: 10-50
¨ Diluted exhaust sampling

n 10 lpm – 47 mm filter
n 16 lpm – 47 mm filter
n 90 lpm – 90 mm filter

n Detection limits dominated by field blanks
¨ Assume 10 times higher than “engine test” field blanks 



Lower limit of “good measurement”
n Mass

¨ 47 mm filter 50 µg per filter 
¨ 90 mm filter 200 µg per filter

n Carbon (EC or OC) – Thermal evolution
¨ 47 mm filter 20 µg per filter 
¨ 90 mm filter 80 µg per filter

n Sulfate - IC
¨ 47 mm filter 15 µg per filter 
¨ 90 mm filter 60 µg per filter

n Metals – ICP (Ca, S, Si, Al, Fe, Mg, etc…)
¨ 47 mm filter 0.5 µg per filter 
¨ 90 mm filter 2.0 µg per filter



Measureability of Mass Emission Rate
Good/Robust - 10 times higher than Field Blanks
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Measureability of Particulate Carbon Emission Rate
Good/Robust - 10 times higher than Field Blanks
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Measureability of Sulfate Emission Rate
Good/Robust - 10 times higher than Field Blanks
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Measureability of Metals Emissions Rates
Good/Robust - 10 times higher than Field Blanks
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Conclusions
Composition of diesel PM can be directly related 
to fuel, lube, and engine wear 
Relative composition of diesel PM varies 
significantly as a function of engine, fuel, lube 
oil, and operations

Elemental carbon
Organics 
Trace elements

Analytical tools exist for detailed speciation of 
PM from future technology diesel engines

Attention needs to be focused on field contamination
Attention needs to be focused on sampling artifacts


