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ABSTRACT

INTRODUCTION

Earlier work [1] shows that kinetics of Diesel soot
oxidation is different from that of ethylene diffusion flame
soot oxidation [2], possibly due to metals from lube oil.
This study investigates the influence of metals on soot
oxidation and the exhaust particle emissions using lube
oil dosed fuel (2 % by volume). This method does not
simulate normal lube oil consumption, but is used as a
means of adding metals to particles for oxidation
studies. This study also provides insight into the effect
of systems that mix lube oil with fuel to minimize oil
change service.

The regulations for Diesel particulate emissions are
becoming more stringent with a strong emphasis being
placed on possible adverse health effects. A lot of work
has been done to reduce Diesel emissions by improving
aftertreatment devices, such as DPFs (Diesel Particulate
Filters) [3, 4], and by enhancing the oxidation of Diesel
particulate matters using fuel additives [5, 6]. Although
the oxidation rates of Diesel particles have been
measured numerous times in the past [7, 8], the
influence of engine lube oil metals on the kinetics of
Diesel particle oxidation has previously been
overlooked. Understanding the role of lube oil in Diesel
particle oxidation may be very important in developing
new lube oil formulations, as well as new fuel borne
catalysts.

The HTO-TDMA (High Temperature Oxidation-Tandem
Differential Mobility Analyzer) technique [1] was used to
measure the surface specific oxidation rate of Diesel
particles over the temperature range 500-750 °C. Diesel
particles sampled from the exhaust stream of a Diesel
engine were size segregated by differential mobility and
oxidized in situ in air in a heated flow tube of known
residence time and temperature profile. The change in
particle diameter after oxidation took place was
measured and converted into the surface specific
oxidation rate. The pre-exponential factors increased by
about a factor of two, whereas the activation energy
determined for the lubrication oil dosed Diesel particles
was very close to that of undosed Diesel particles (108
kJ mol-1, [1]). This suggests that the increase of active
sites by the presence of Ca (and possibly by other
metals included in the additive package of the lube oil)
results in the faster oxidation rate.
Particle size measurements show that particle volume
emissions, which are roughly proportional to particle
mass, decreased by about a factor of two, but that
particle number emissions increased by an order of
magnitude with lube oil dosed fuel.

It is often assumed that the oxidation kinetics of carbon
particles in Diesel exhaust are similar to the kinetics of
carbon oxidation in diffusion flame studies [9, 10].
However, a recent study by Higgins et al. [1] showed
that the kinetics of oxidation of carbon particles in Diesel
exhaust were quite different from that of carbon particles
from an ethylene diffusion flame, and from the Nagle
and Strickland-Constable kinetic model [11]. Higgins et
al [1] suggested this might be due to the presence of
metal compounds in Diesel exhaust particles. Engine
lube oil is continuously consumed in the combustion
chamber. Although oil consumption typically is only
about 0.2 % of fuel consumption, it contributes
disproportionally to the exhaust particulate matter. The
combustion efficiency of lube oil is considerably lower
than that of Diesel fuel and lube oil contains metals that
form solid particles. Engine lube oil is composed of a
base oil and an additive package. In general, the base
oil is composed of petroleum-derived mineral oils,
whereas the additive package is composed of various
chemicals, including metal compounds (such as Ca, Mg,
and Zn) [12]. Most of these contribute to lube oil ash.
The typical ash content of lube oil is about 1 % [13, 14].
A material balance based on 1 % lube oil ash content,
0.2 % relative lube oil consumption rate, 250 g/kWh fuel

consumption rate and 0.13 g/kWh PM (Particulate
Matter) (US PM standard for 2004) gives 0.005 g/kWh
ash emissions. Under these conditions, the ash would
constitute 4 % of the current PM, assuming that all of the
ash appeared in the PM standard. Published results
show up to 10 % ash by mass [15]. For 2007, the PM
standard drops to 0.013 g/kwh.
If lube oil ash
consumption is assumed at the same level as in the
material balance above, it could constitute 40 % of the
PM emissions. This suggests growing importance of the
lube oil to PM emissions.
It is still not entirely clear which mechanism is the main
contributor in oil consumption due to the complexity of
the phenomenon. However, recent research shows a
clearer picture of oil consumption. Lube oil may leave
the cylinder wall by either vaporization or atomization.
De Petris et al. [16] showed that oil mist (or oil atomized
by a reverse blowby) was a main contributor to oil
consumption under their test conditions. Audette III and
Wong [17] found that oil vaporization from a cylinder
liner is a small contributor to consumption unless more
volatile lube oil is used. Lube oil can also get into the
combustion chamber by other pathways. It can come
through a valve stem seal, a throw-off of accumulated oil
above the top ring, etc. Flynn et al. [18] recently
described the Diesel combustion process in terms of
burning fuel jets that rapidly entrains surrounding
combustion chamber air. Some of the lube oil entering
the combustion chamber also will be entrained by the
burning fuel jets. In this manner, species from the lube
oil may have an influence on the kinetics of DPM (Diesel
Particulate Matter) formation and oxidation.
Lube oil mixed with Diesel fuel is combusted directly
along with the fuel, and is processed somewhat
differently by the flame than lube oil consumed by the
usual path. Thus, lube oil mixed with fuel is likely to be
more involved in the early stages of combustion where
soot is being rapidly formed and oxidized. The primary
focus of this study is to investigate the role of lube oil on
the kinetics of DPM in the exhaust, not in the
combustion chamber. We have used fuel dosing as a
relatively easy way to add additional lube oil metals to
the exhaust PM. It is assumed that metal compounds
added in this manner will have a similar influence on
oxidation kinetics of the PM in the exhaust and in
aftertreatment systems to metals originating from normal
oil consumption.
In some cases, lube oil is intentionally mixed with fuel to
extend lube oil change intervals.
An on-board
continuous oil management system called CENTINELTM
was recently developed by Cummins [19, 20].
The
system takes a small amount of used oil out of the
lubrication system and sends it to the fuel tank, where it
is blended with Diesel fuel. At the same time, fresh oil is
sent from a makeup tank to the engine, replacing the
used oil. This system has been shown not to increase

PM mass emissions.
However, its influences on
unregulated emissions, e.g. metals and aftertreatment
systems should be examined. Although our approach of
dosing fuel with lube oil is very similar to the
CENTINELTM system, the primary purpose of this work is
not to emulate CENTINELTM system, but rather to
estimate the influence of metal species in the lube oil on
the kinetics of DPM in the exhaust. However, as a part
of this study we have also looked at the influence of lube
oil dosing on the exhaust particle size distribution.
In this study the Diesel fuel was dosed with engine lube
oil (2 % by volume). This has done to intentionally
increase the oil consumption rate and the loading of
metal components from lube oil on the DPM with
combustion, in order to better observe the effect of lube
oil (specifically metal components from lube oil) on the
oxidation of Diesel particles downstream of the engine
and on the exhaust size distribution. The oxidation rate
of 2 % lube oil dosed Diesel particles was compared to
that of undosed Diesel particles measured in the
previous study [1]. The size distribution was also
compared with that for undosed Diesel particles.

EXPERIMENTAL
TEST FUEL AND LUBRICANT
Standard EPA No. 2 on-road Diesel fuel (300-500 ppm
sulfur) was used as a base fuel. Two barrels of fuel from
the same batch were used to provide consistency in the
amount of sulfur content and in chemical composition.
One barrel of fuel was used to measure the base size
distribution when lube oil was not blended in the fuel.
The other barrel was dosed with engine lube oil. Table 1
shows recent fuel analysis for fuel from the same
supplier, but not the same batch as used in this study.
The lube oil used in this study was SAE15W-40 (John
Deere TY6391). The elemental composition of the same
type of lube oil used in this study is shown in Table 2.
Calcium is typically the most abundant metal species
present in lube oil. Calcium is normally in the form of a
sulphonate (e.g. calcium sulphonate) and is used as a
detergent to keep engines clean [12]. The lube oil used
in this study contains about 2500 ppm Ca. The dosing
level of 2 % by volume in the fuel results in about 50
ppm Ca content in the mixed fuel. Although the zinc
content of the oil adds another 14 ppm metal to the
mixed fuel, Zn has not been studied as a fuel borne
oxidation catalyst. Metal contents of 20-100 ppm have
typically been used to examine the effect of fuel
additives [3, 5, 21, 22]. Also, a dosing level of 2 % lube
oil was used to measure the effect of lube oil on Diesel
particulate emissions by Kytö et al. [23].

Table 1: Fuel analysis of No.2 on-road Diesel fuel

temperature controlled
compressed air/N2
charger

Property
Distillation

ASTM
D86

Flash point
Heat of combustion
Kinematic viscosity
Ash
Cetane number
Spedific gravity
Aromatics by FIA
Sulfur
Water and
sediment
Carbon, hydrogen
and nitrogen
Cloud point
Pour point

D93
D240
D445
D482
D613
D1298
D1319
D2622
D2709
D5291
D5773
D5949

Results
498.0 °F 50% Rec.
617.7 °F 90% Rec.
71 °C
18111 BTU/lb
2.740 cSt @40 °C
0.000 mass %
44.9
0.8479 g/ml @ 15 °C
27.6 vol. %
0.0305 mass %
0. vol. %
86.2 mass % C
13.00 mass % H
-29 °C
< -60 °C

Table 2: Lube oil analysis of SAE 15W-40 (John
Deere TY6391)
Element
S
Ca
N
Zn
P
B
Mo
Mg

Weight (%)
0.260
0.250
0.160
0.068
0.061
0.018
0.011
0.001

ENGINE
The engine used in this study was a medium-duty, direct
injection, 4 cylinder, 4 cycle, mid-90’s turbocharged
Diesel engine (John Deere T04045TF250) of 4.5 l
displacement, with a peak power output of 93 kW at
2400 RPM and a peak torque output of 400 N·m at 1400
RPM. The engine was coupled to a dynamometer and
operated at 1400 RPM under 75 % load (300 N·m). The
exhaust temperature measured at the exhaust manifold
downstream of the turbocharger was 530 °C, and the
air-fuel ratio was measured as 27 for regular fuel at 1400
RPM under 75 % load (300 N·m).
SAMPLING AND DILUTION
Fig. 1 shows a schematic diagram for the engine bench,
sampling system, SMPS (Scanning Mobility Particle
Sizer) [24] system and HTO-TDMA system.
The
exhaust was sampled 25 cm downstream of the
turbocharger exit and diluted in a two-stage air ejector
variable residence time dilution tunnel, similar to one
described by Abdul-Khalek and Kittelson [25].
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Fig. 1: Schematic diagram of the experimental setup.
The bold line indicates the path taken by the Diesel
soot particles.
For the oxidation study, particles were extracted after
the first stage of dilution, which was operated with a
fixed residence time of 0.8 seconds at a dilution ratio of
26-28:1 for 75 % load at 1400 RPM.
The dilution ratio was determined by comparing the NOx
concentration in the exhaust gas and diluted exhaust
gas after the first stage of dilution after subtracting the
background NOx concentration. The first stage dilution
air temperature was maintained at a temperature of
32°C at the exit by employing feedback control of a
band heater wound around the copper tube for the
compressed air to the ejector.
For the size distribution studies, samples were taken
after the second stage of dilution to prevent saturation of
the SMPS system used for particle sizing.
Flow
measurements were used to determine the second
stage dilution ratio to be 31:1. Thus, the overall dilution
ratio after the second stage was thus 810-870:1,
calculated by multiplying the dilution ratios from each
stage.
SCANNING MOBILITY PARTICLE SIZER (SMPS)
The SMPS measures mobility equivalent particle
diameter in the diameter range of 7 to 300 nm during a
4-minute (2 minutes up, 2 minutes down) scan time.
This particle measurement system consists of a
neutralizer, a mobility section (long column DMA similar
to TSI model 3934) with a sampling flow rate of 1 lpm
and a sheath flow rate of 10 lpm, a CPC (TSI model
3010) and a computerized control and data acquisition
system. This system has been described in more detail
by others [25, 26].

The HTO-TDMA method was described in detail in a
previous study done by Higgins et al. [1]. Briefly, in the
HTO-TDMA method, the sample is sent through a
bipolar diffusion charger to establish a known charge
distribution. Next, a specific particle size is selected with
DMA-1. The DMA (Differential Mobility Analyzer) selects
mono-area particles based on electrical mobility, which
is related to the drag and charge on a particle, rather
than on absolute particle size. The mono-area particles
then undergo oxidation in the air while traveling through
a quartz flow tube enclosed in a tube furnace of known
residence time and temperature profile. The particles
are recharged in a bipolar diffusion charger, and the size
change resulting from the high temperature processing
(which includes oxidation, thermal restructuring and
evaporation processes) is measured using DMA-2.
Three initial particle sizes of 41, 94 and 130 nm mobility
diameters were selected at DMA-1 to match the
previous study done by Higgins et al. [1] on Diesel
particle oxidation. Furnace temperature settings ranged
from room temperature (25-34 °C, depending on the
day) to 800 °C.

Table 3: Number concentrations and volume
concentrations of the nuclei mode and the
accumulation mode particles for regular fuel and 2 %
lube oil dosed fuel. Base and 2 % indicate regular
base fuel and 2 % lube oil dosed fuel, respectively.
The units of number and volume concentration are
#/cm3 and µm3/ cm3, respectively.

Base
2%

Nuclei
6.13·106
4.16·102
3.48·108
4.56·102

Accumulation
2.47·107
2.66·104
8.93·106
1.43·104

2% lube oil dosed fuel

1.00E+08

1.00E+07

1.00E+06

1.00E+05
1

10

100

1000

Dp[nm]

5.00E+04

4.00E+04
dV/dlogDp[µm3/cm3]

The sampled aerosol stream from the first stage of the
dilution tunnel was either introduced to the HTO-TDMA
system for the oxidation study, and/or the sampled
aerosol stream from the second stage of the dilution
tunnel sent to a SMPS system for size distribution
measurements as illustrated in Fig. 1.

Total
3.08·107
2.70·104
3.57·108
1.48·104

Regular fuel

In order to check for particle size decreases due to
thermal effects (evaporation and restructuring),
additional experiments were conducted with the air for
the first dilution stage and DMA sheath flows replaced
with nitrogen (Airgas, industrial grade) in the previous
work by Higgins et al [1].

RESULTS AND DISCUSSION

Number
Volume
Number
Volume

1.00E+09

dN/dlogDp[#/cm3]

HIGH TEMPERATURE OXIDATION-TANDEM
DIFFERENTIAL MOBILITY ANALYZER (HTO-TDMA)

3.00E+04

2.00E+04

1.00E+04

0.00E+00
1

10

100

1000

Dp[nm]

THE INFLUENCE OF LUBE OIL ON SIZE
DISTRIBUTION
Fig. 2 and Table 3 show the effect of lube oil on the
number and volume size distributions with a dosing rate
of 2 % under a fixed engine condition, 75 % engine load
(300 N·m) at 1400 RPM. The data have been fit to a
bimodal lognormal distribution. Most of the number is
found in the nuclei mode (Dp < ~30nm), most of the
volume in the accumulation mode (Dp >~30nm). The
volume concentration of accumulation mode particles
was reduced by nearly a factor of two while the total
number increased by about a factor of 10, mainly as a
result of the formation of a large nuclei mode. The same
trend was observed by Kytö et al. [23] when they
blended 2 % of lube oil with Diesel fuel.
They
discovered that the dosage of lube oil that gave the
lowest particulate mass (meaning the reduction of
accumulation mode particles), produced the highest

Fig. 2: Size distributions at 1400 RPM, 75 % (300
N·m). (a) (Top) Number weighted size distributions
of 2 % lube oil dosed Diesel particles in comparison
with base fuel. (b) (Bottom) Volume weighted size
distributions of 2 % lube oil dosed Diesel particles in
comparison with base fuel.
number of particles (which means the appearance of
large nuclei mode).
Calcium is the most abundant species present in the
lube oil used in these tests, and is known to suppress
the formation of carbonaceous Diesel particles [27] and
to enhance their oxidation [27, 28] when it is blended
with fuel. Miyamoto et al. [27] concluded that Ca and Ba
are the most effective additives for enhancing oxidation
and suppressing the formation of soot among the

800
30 °C
Particle concentration[#/cm3]

1.00E+10

3

dN/dlogDp[#/cm ]

1.00E+09
1.00E+08
1.00E+07
1.00E+06

700

300 °C
500 °C

600

600 °C

500

650 °C

400

700 °C
800 °C

300
200
100
0

1.00E+05
1

10

100

1000

Dp[nm]

60

70

80

90

100

110

Dp[nm]

without Stripper
with Stripper
with Stripper-Corrected for Losses

Fig. 3: Size distributions of 2 % lube oil dosed Diesel
particles with and without the catalytic stripper at
1400 RPM, 75% load [29].
metallic additives (Ca, Ba, Mg, Fe, Ni, Mn, Cu) they
investigated. Other studies [5, 21, 30-32] have shown
that metal additives may simultaneously reduce the
accumulation mode and increase the nucleation mode.
This study shows that metals in lube oil blended with fuel
may play a similar role.
When a large nuclei mode is present for Diesel engines
operating with typical fuels without additives, the nuclei
mode consists primarily of volatile particles [33-38].
However, when metals are present in the fuel, a large
solid nuclei mode may form [5, 21, 30-32]. Stenitzer [29]
examined Diesel particles with 2 % lube oil dosed fuel
from the same engine used in this study using a catalytic
stripper operating at 300 °C. The catalytic stripper was
designed to remove volatile materials from Diesel
particles [34]. If the nuclei mode particles are mainly
composed of volatile materials, they will almost
disappear completely when passing through the stripper.
Fig. 3 compares size distributions for 2 % lube oil dosed
fuel with and without the stripper operating at 300 °C
[29].
After correcting for transport losses
(thermophoretic loss and diffusion loss) in the catalytic
stripper, there is no significant reduction in nuclei mode
particles. This demonstrates that the nuclei mode
particles with lube oil dosed fuel under our test condition
are solid.
The formation of a nuclei mode from metal compounds
derived from lube oil is not unexpected. Abdul-Khalek et
al. [33] performed a chemical equilibrium calculation for
both calcium and zinc during Diesel engine combustion
to determine the possible fate of metals in lube oil. They
found that NASA Program “Flame” [39] predicts that the
lube oil metals in the fuel are initially transformed into
gas phase compounds at high temperature (~2500K).
As the combustion products cool during the expansion
stroke to~1500 K, metal compounds transform into solid

Fig. 4: TDMA Diesel particle oxidation results in air
for furnace set temperature of 30-800 °C.: 94 nm
initial size with 2 % lube oil dosed fuel.
compounds. When high concentrations of metals are
present, some of the compounds nucleate to form a
solid nuclei mode. This is consistent with Stenitzer’s
[29] observation using the catalytic stripper.
RESULTS FOR HTO-TDMA EXPERIMENT
Fig. 4 shows representative HTO-TDMA data for
particles with a selected mobility diameter of 94 nm,
generated using 2 % lube oil dosed fuel under 75 %
engine load (300N·m) at 1400 RPM. Results for other
particle sizes selected at the same engine operating
condition are similar to those in Fig. 4. Fig. 4 shows that
particles shrink as the furnace set temperature
increases, with a mobility diameter decrease of 1 nm at
500 °C and 5 nm at 700 °C. The initial shrinkage in size
below 500 °C is likely due to the evaporation of semivolatile materials condensed onto the Diesel particles.
In our previous study [1] the total particle size decrease
due to non-oxidative effects at 500 °C, was measured
using nitrogen as the carrier gas for both the DMA
sheath flow and the reactor flow. It amounted to ~1 nm
for 75 % load particles using regular Diesel fuel. This is
consistent with the amount of shrinkage we observed at
500 °C. Above 500 °C, most of the change in diameter
results from particle oxidation. In addition to a decrease
in particle size with increasing oven temperature, we
also observe a spreading of the particle size distribution
believed to be due to the wide distribution in particle
residence time in the laminar flow reactors, as well as
loss of particles due to thermophoresis.
DETERMINATION OF THE OXIDATION RATE
We used the measured decrease in particle size to
obtain kinetic parameters following the procedure
detailed in our previous studies [1, 2]. The size
decrease rate is modeled using a modified Arrhenius
expression,

 E 
D& p = − Anm ⋅ T ½ ⋅ exp − a 
 RT 

(1)

where Anm is an initial-size-dependent pre-exponential
factor and Ea is a size-independent activation energy.
Values of the Anm’s and Ea are determined by integrating

Table 4: Arrehinius fit parameters for oxidation rate
of particles with 2 % lube oil dosed.

X

2% lube oil dosed
101
1.0
1.2
1.1

-1

,

(2)

where x is the horizontal position in the tube, X is the
length of the tube and u is the flow velocity over the
heated length of the flow tube.
Minimizing the
differences between calculated and measured ∆Dp’s is
done using a non-linear least squares method. The
dependence of the size decrease rate and flow velocity
on horizontal position is a result of their dependence on
temperature, as shown in Eq. (1) and

4
T ( x)
u ( x) = u m
3
To ,

Ea [kJ mol ]
A41 [105 nm K-1/2s-1]
A94 [105 nm K-1/2s-1]
A130 [105 nm K-1/2s-1]
16

130 nm
90 nm
40 nm

14
12
∆Dp[nm]

⌠ D& p ( x)
∆D p = 
dx
⌡0 u ( x)

10
8
6
4
2

(3)

0
590

Fig. 5 shows the experimental size reduction data of the
current study with 2 % lube oil dosed fuel (Fig. 5a)
compared to our previous work [30] with 25 ppm cerium
dosed fuel (Fig. 5b). The size reductions are very
similar.
Light-off temperature of an oxidizing particle is defined in
our previous study [30]. It is analogous to ignition
temperatures in the DPF studies.
The light-off
temperature is defined as the peak flow tube
temperature where the particle shrinks ~1 nm in size
from that of a particle where the entire evaporation
process has occurred. The light-off temperature of
640~690 °C with 2 % lube oil dosed fuel (Fig 5a) was
lower than 840 °C with undosed Diesel particles [1], but
higher than 590 °C with cerium dosed fuel, as shown in
Fig. 5b. This is qualitatively consistent with observations
(Miyamoto et al., [27]) on ignition temperatures of their
bulk samples. They found the ignition temperature was
lowered as they increased the amount of calcium in the
fuel.
The data plotted in Fig. 5a was fitted to the Arrhenius
expression of equation (1) to determine a different set of
parameters for each of sizes studied. Table 4 shows the
fitted parameters. Fig. 6 shows the Arrhenius plot of the
surface specific oxidation rates for our measurements
compared to other studies. The activation energy of
surface specific oxidation rates for our measurements
compared to other studies. The activation energy of

690
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790

Peak flow tube temperature[°C]

where um is the mean flow velocity calculated from the
volume flow rate and the cross-sectional area of the flow
tube, and 4/3 um is the peak volumetric flow velocity
assuming laminar flow. Decreases in size due to
oxidation are determined relative to the size of the
particles at 500 °C.
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40
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Fig. 5: Particle size change as a function of peak
flow tube temperature for the three initial particle
sizes. Note: The peak flow tube temperature is
approximately 40 °C higher than the furnace set
temperature. (a) (Top) 2 % lube oil dosed fuel. (b)
(Bottom) 25 ppm cerium dosed fuel [30].
Diesel particle oxidation for 2 % lube oil dosed fuel (‘a’ in
Fig. 6) is 101 kJ mol-1, which is very close to 108 kJ mol1
, the activation energy for particles using (undosed)
regular fuel (‘b’ in Fig. 6) at the same engine operating
condition. The frequency factors Anm’s of the Arrehenius
equation for the particles with 2 % lube oil-dosed fuel are
about two times larger than that of the particles with
undosed fuel. It is noteworthy that our previous studies
show that the oxidation rate of diffusion flame soot using
ethylene (‘d’ in Fig. 6, [2]) agrees well with the oxidation
rate of pyrographite rod (‘e’ in Fig. 6) by NSC [11],
whereas the oxidation rate of the undosed Diesel
particle (‘b’ in Fig. 6, [1]) is not like the NSC (1962)
model. Many modelers have used and believed that the
NSC [11] model simulates the oxidation of Diesel
particles. Our previous study [1] showed the oxidation of
Diesel soot is different from the NSC model.

with mass transfer processes within the TGA sample.
The relative change between this study and our previous
study [1], due to dosing with Ca (see curve ‘a’ and ‘b’ in
Fig. 6), is similar to the relative change observed by
Miyamoto et al. [28] (see curve ‘f’ and ‘h’ in Fig. 6). In
both cases, the frequency factor increases, whereas the
activation energy is nearly unchanged compared to the
undosed case.

Miyamoto et al. [28] reported oxidation rates of Diesel
particles for undosed (‘h’ in Fig. 6) and calcium dosed
fuel (‘f’ and ‘g’ in Fig. 6). They found that the beginning
of the particle oxidation is rapid (‘g’ in Fig. 6), whereas
the remaining particle oxidation is relatively slow (‘f’ in
Fig. 6) when Ca is blended in the fuel. They found the
same trend when other kinds of metal additives (Ba, Ni,
Fe) were used. This rapid early stage is similar to that
referred to as auto-acceleration by Lahaye et al. [6] and
catalytic oxidation of VOF (Volatile Organic Fraction) by
Stratakis and Stamatelos [40].
While our current
experiments are unable to resolve transients such as
described above, we do note that, in general, addition of
metals does not seem to change the activation energy,
but does increase the oxidation rate significantly. In our
experimental setup, suspended particles are oxidized
directly, with little heat or mass transfer limitation.
Essentially all volatile material is expected to have
desorbed before any significant oxidation takes place.
Thus, volatiles do not play a role. The auto acceleration
observed in the TGA experiments may be due to
limitations of heat and mass transfer in bulk soot
samples. Catalytic oxidation of VOF is likely associated

DISCUSSION
Our results clearly show that lube oil constituents
increase the rate of oxidation of exhaust soot particles.
This should help to improve our understanding of soot
oxidation in the engine itself, as well as in aftertreatment
systems. Clearly, there is a trade-off between the gains
associated with lube oil metal catalyzed oxidation of
exhaust particles and emissions of metal compounds.
Without aftertreatment, these materials are emitted into
the atmosphere and might constitute an environmental
hazard. Most aftertreatment systems (filters) are very
effective at removing solid particles and would trap metal
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Fig. 6: Arrhenius plot of the surface specific rates of Diesel particle oxidation for the current study and for other
relevant prior studies. Previous studies include oxidation rates of various soots (Diffusion flame soot and
Carbon black) and pyrographite rod. Rates are presented for 21 % O2. (a) Current study using 2 % lube oil dosed
fuel. (b) Higgins et al. [1] using regular Diesel fuel. (c) Jung et al. [30] using 25 ppm and 100 ppm cerium dosed
fuel. (d) Higgins et al. [2] using diffusion flame generated soot. (e) Nagle and Strickland-Constable [11] using a
pyrographite rod. (f) Miyamoto et al. [28] TGA of catalyzed (Ca added to fuel) Diesel soot in slow oxidation. (g)
Miyamoto et al. [28] TGA of catalyzed (Ca added to fuel) Diesel soot in rapid oxidation. (h) Miyamoto et al. [28]
TGA of uncatalyzed Diesel soot. (i) Gilot et al. [41] thermogravimetric analysis (TGA) of carbon black. (j) Neeft et
al. [9] flow reactor study of Printex-U flame soot from Degussa AG. (k) Otto et al. [7] TGA of Diesel particles. (l)
Ahlström and Odenbrand [8] flow reactor study of Diesel particles. Note: The surface specific rates are obtained
for 130 nm initial sizes assuming the density of 1.8 g/cc for (a), (b), (c) and (d).

particles [32]. While this might enhance the oxidation of
carbonaceous materials in the filter, the metal
compounds remain in the filter leading to gradual
plugging. Future oil formulations might be optimized to
enhance oxidation while minimizing ash emissions.
A somewhat surprising outcome of this study is the
significant reduction of PM volume emissions (which are
proportional to mass) with lube oil dosing. These
experiments were done with clean lube oil. It would be
interesting to examine the effects of aged lube oil, like
that used in the CENTINELTM system, and to further
investigate the kinetics of oxidation at a lower level of
lube oil dosing.
A disturbing result of lube oil dosing is the formation of a
large solid nuclei mode. A number of studies [42, 43]
suggest that very small particles, especially solid
particles, may be more toxic than larger ones.

CONCLUSION
The main objective of this study was to determine the
influence of metals in lube oil on the kinetics of oxidation
of soot particles in the exhaust and in aftertreatment
systems. This was done by dosing the fuel with 2 %
lube oil and comparing the results with previous studies
done using undosed fuel. A secondary objective was to
examine the influence of dosing the fuel with lube oil on
exhaust particle emissions. All testing was done at peak
torque speed and 75 % load.
The effect of lube oil metals on the kinetics of Diesel
particle oxidation was examined using the HTO-TDMA
method. The light-off temperature (which is defined as
the peak flow tube temperature to observe ~1 nm size
reduction by oxidation) was reduced about 150-200 °C
with 2 % lube oil dosed fuel compared to when using
regular fuel.
The oxidation rate was increased
significantly by adding lube oil to the fuel. The activation
energy for 2 % lube oil dosed fuel is 101 kJ mol-1, which
is very close to the 108 kJ mol-1 activation energy for
particles using undosed fuel. However, the frequency
factors (Anm’s) of the Arrehenius equation with 2 % lube
oil-dosed fuel are about twice as large as those for
undosed fuel.
The kinetics of oxidation of Diesel particles, especially
activation energies are quite different from those of
ethylene diffusion flame soot (164 kJ mol-1) and the wellknown NSC model (143 kJ mol-1). Our results suggest
that Diesel particles are metal catalyzed to some extent,
even when using regular undosed Diesel fuels, by the
small amount of metals available from normal lube oil
consumption. The addition of lube oil in the fuel
increases the number of catalytic sites (an increase in
frequency factors), but the activation energy is barely
lowered, implying that Diesel particles are already
catalyzed to some extent by natural consumption of lube
oil.

Particle size distribution measurements show that
particle volume emissions, which are roughly
proportional to particle mass, were decreased by about
a factor of two with dosed fuel but that particle number
emissions increased by an order of magnitude. Most of
the particle number was found in tiny, solid nuclei mode
particles (Dp < ~30 nm). These experiments indicate
that lube oil metals influence Diesel particle formation,
oxidation and the performance of aftertreatment
systems. Future lube oil formulations may have to take
these effects into consideration.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
CPC: Condensation Particle Counter
DMA: Differential Mobility Analyzer
DPF: Diesel Particulate Filter
DPM: Diesel Particulate Matter
HTO-TDMA: High Temperature
Differential Mobility Analyzer

Oxidation-Tandem

NSC: Nagle Strickland and Constable [11]
PM: Particulate Matter
SMPS: Scanning Mobility Particle Sizer
TDMA: Tandem Differential Mobility Analyzer
TGA: ThermoGravimetric Analyzer
VOF: Volatile Organic Fraction
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