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particles from a heavy-duty diesel engine, operating with various waste cooking oil biodiesel blends (B2,
B10 and B20), engine loads (0%, 25%, 50% and 75%) and a diesel oxidation catalyst plus diesel particulate
filter (DOC + DPF) under steady modes. For a given load, the total particle number concentrations (Ntor)
decrease slightly, while the mode diameters show negligible changes with increasing biodiesel blends.
For a given biodiesel blend, both the Nror and mode diameters increase modestly with increasing load of
above 25%. The Ntor at idle are highest and their size distributions are strongly affected by condensation
and possible nucleation of semivolatile materials. Nonvolatile cores of diameters less than 16 nm are only
observed at idle mode. The DOC + DPF shows remarkable filtration efficiency for both the core and soot
particles, irrespective of the biodiesel blend and engine load under study. The Nyor post the DOC + DPF are
comparable to typical ambient levels of ~10% cm~3. This implies that, without concurrent reductions of
semivolatile materials, the formation of semivolatile nucleation mode particles post the aftertreatment
is highly favored.
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1. Introduction

Diesel engine has found widespread use in on-road vehicles and
off-road equipments. However, its exhaust contains a number of
hazardous air pollutants and large numbers of fine particles that
have been linked to adverse health effects [1] and environmental
impact [2,3]. Diesel engine particles (DEP) are a complex mixture
of nonvolatile (or solid) and semivolatile components [4]. The non-
volatile component mainly consists of fractal-like carbonaceous

Abbreviations: B, biodiesel blend; CPC, condensation particle counter; DEP,
diesel engine particles; DMA, differential mobility analyzer; DOC, diesel oxidation
catalyst; DPF, diesel particulate filter; DR, dilution ratio; EGR, exhaust gas recir-
culation; ESC, European Steady Cycle; FSC, fuel sulfur content; HC, hydrocarbon;
HDDE, heavy-duty diesel engine; PM, particulate matter; PMP, Particle Measure-
ment Programme; RPD, relative percent difference; RSD, relative standard deviation;
SMPS, scanning mobility particle sizer; SOF, soluble organic fraction; ThC, thermal
conditioner; WCO, waste cooking oil.
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agglomerates also known as the accumulation (soot) mode in
the size range of 30-500nm [5]. Soot particles are formed in
locally fuel-rich regions of the combustion flame in the engine.
The semivolatile component is mainly composed of low- and
semivolatile organic and sulfuric acid (H,SO4) vapors that orig-
inate from unburned fuel, lubricant oil, and partial combustion
products [6,7]. Upon dilution and cooling in ambient air or during
sampling, these vapors either condense on preexisting soot par-
ticles or nucleate to form nucleation mode particles in the size
range of 3-30nm. Such small sizes and the nonlinear nature of
the nucleation pathway, in particular, have contributed largely
to the measurement variability. On the other hand, a number of
studies have shown the presence of nonvolatile cores in the nucle-
ation mode particles [5,6,8-10]. Unlike the semivolatile nucleation
mode particles that evaporate completely at temperature of 175°C
[11], these core particles could sustain under temperature of up to
450°C. Considerations of the particle morphology, composition and
volatility suggest that the cores are not derived from ash or sulfate
but have composition similar to incipient soot particles or formed
by pyrolyzed heavy hydrocarbon (HC) or oxidized metals in the
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engine. The above characteristics underscore the complexity and
challenges in the measurement and interpretation of vapor-particle
partitioning of DEP [12].

The occurrence, sizes and concentrations of the DEP depend on
engine type, speed, load, fuel type, aftertreatment and sampling
conditions. It is therefore important to exercise caution when com-
paring results from different studies. Nevertheless, general trends
can be found and briefly provided in the following. As they are
formed in the engine, the number and size of soot particles depend
more on engine operating conditions and less on exhaust dilu-
tion and sampling [6]. Heavy-duty diesel engines (HDDE) typically
emit higher particle number concentrations than spark-ignition
engines and light-duty vehicles [13,14]. Higher speed and load are
associated with an increase of number concentrations [14-16], par-
ticularly the soot particles [17-19]. Furthermore, the sizes of soot
particles tend to increase with increasing load. Higher number con-
centrations of soot particles were observed while the exhaust gas
recirculation (EGR) was operating [10,20,21]. Fuel sulfur content
(FSC) has little effects on the soot number and size distribution (e.g.,
[17]). A number of studies have shown decreases of soot number
and size with the use of biodiesels, originating from waste cooking
oil (WCO) and methanol-biodiesel blends, with respect to Euro V
and Euro 3 diesel vehicles [22,23]. The application of conventional
diesel oxidation catalyst (DOC) has been shown to decrease particle
mass by oxidizing the soluble organic fraction (SOF) but have little
influence on the soot number and size [24].

The formation of semivolatile nucleation mode particles in
engine exhaust has commonly been linked to the binary homo-
geneous nucleation of H,SO4 and H,0 [7,25] and possibly HC [26].
As such, the number concentrations of nucleation mode particles
depend sensitively to temperature, dilution ratio (DR), humid-
ity, FSC, soot number concentration, and aftertreatment. Typically,
lower temperature, DR and soot number concentration favors
enhanced nucleation [21,27]. Higher FSC also favors enhanced
nucleation but the effects diminish when the FSC is < 50 ppmw
[9,17]. Areview by Lapuerta et al. [28] has reported that the major-
ity of studies have shown increases of nucleation mode particle
number concentration with biodiesel. The application of DOC or
catalyzed diesel particulate filter (DPF) has been shown to promote
the formation of semivolatile nucleation mode particles by enhanc-
ing the SO,-to-SO3 conversion [6,26]. The nonvolatile cores in
nucleation mode particles have been observed in light- and heavy-
duty diesel engine exhaust at both low and high loads with regular,
synthetic and biodiesel fuels [5,10,16,21]. Increasing number con-
centration of nonvolatile cores has been related to increasing load
and injection pressure [29] and low soot particle numbers (e.g.,
EGR off). The nonvolatile core and soot particles are effectively
removed by the DPF [10]; on the other hand, the filtration effi-
ciency of semivolatile particles is less straightforward as they can
be formed post the DPF.

The adverse impact of DEP has led to increasingly stringent par-
ticulate matter (PM) emission limits, in terms of particle mass.
The resulting very low PM levels in engine exhaust pose signif-
icant challenges to the current gravimetric method, i.e., issues
about the detection limit of microbalance and sampling artifact
of semivolatile materials [30,31]. As a result, growing attention
has been directed towards measurements of particle number con-
centration. Recently, the Working Party on Pollution and Energy
of the United Nations Economic Commission for Europe Particle
Measurement Programme (PMP) has developed a standard method
for measuring the number concentration of non-volatile particles
of diameters >23 nm, targeting the primary and aggregated soot
particles [32]. This method has been shown to provide improved
detection limit, accuracy, discrimination power, variability and
reduced semivolatile artifact over the conventional gravimetric
method [32,33]. Accordingly, the number-based emission limits

Table 1
Test engine specifications.
Hino WO6E

Year 1992
Configuration In-line 6-cylinder
Air intake Naturally aspirated
Fuel injection Direct injection
Displacement 6.0L
Max torque 412Nm @ 1800 rpm
Max power 121 kW @ 3000 rpm
EGR No

have been introduced in the Euro 5/6 regulation of light-duty vehi-
cles and will be included in the Euro VI regulation of heavy-duty
vehicles [34]. Such a change in methodology directly impacts how
PM control technologies are evaluated and its subsequent implica-
tions in human and environment health need to be considered.

In Taiwan, the HDDE vehicles are of special interest because
they contribute significantly (~50%) to the on-road PM; 5 emis-
sion despite comprising only a small fraction of total vehicles [35].
Due to their long service life, ~24% of HDDE vehicles are of model
year 1992 or older. In addition, the Taiwan EPA has required the
recycling of WCO from the food manufacturing industry, fast food
chains/restaurants, and domestic/school waste since 2007 [36].
The recovered WCO are mostly reused in the production of indus-
trial/animal feedstock, soaps, and biodiesel. In a coordinated effort
to save energy and reduce CO, emissions, the Bureau of Energy,
Taiwan Ministry of Economic Affairs has mandated the addition of
biodiesel into petroleum diesel since 2008. With that in mind, this
study examines the effects of WCO biodiesel blends, along with
varying engine load and the application of DOC + DPF, on the non-
volatile particle number size distributions in HDDE exhaust. The
present results are part of a larger collaborative research that aims
to characterize the physicochemical and toxicological properties
of DEP and to develop low-cost and high-efficiency aftertreatment
devices. The chemical and toxicological characteristics of these DEP
will be presented in subsequent publications.

2. Experimental methods
2.1. Test engines, cycles, fuels and diesel particulate filter

The experiments were conducted on a 6-cylinder, 6 L, naturally
aspirated, water-cooled, no EGR, direct-injection HDDE of model
year 1992 (Hino WOG6E). The detailed engine specifications are given
inTable 1. The engine was certified to meet the Euro I emission stan-
dards. During the present study, the engine’s PM emission factors
at 0% load were in the range of 0.71-1.22gh~1, while at 25% and
50% load were averaged in the range of 0.67-0.74 gkW h~! with-
out any aftertreatment. This relatively old engine model provides
a more realistic challenge to the developed DOC + DPF because we
focus on its “retrofit” application to in-use vehicles. The HDDE was
tested with four out of the 13 European Steady Cycle (ESC) modes:
mode 1, 3, 4 and 9. The average engine torque, speed and exhaust
gas temperature for each test mode are given in Table 2. As shown,
mode 1 (0% load) is idle, whereas the latter three test modes 9,
3 and 4 (25%, 50% and 75% load) represent engine operating with

Table 2
Engine test modes.

Load (%) ESC mode Torque (N m) Speed (rpm) Exhaust T (°C)
0 (Idle) 1 - 750 76
25 9 98 1800 211
50 3 192 1800 324
75 4 293 1800 428
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constant speed but varying torque. Therefore, this study primar-
ily examines the effect of engine torque on particle emissions. For
convenience in discussion, the four test modes are referred to as
0%, 25%, 50% and 75% load. The 100% load was not studied because
the water recirculation cooling system would become overheated
after a relatively short run time, thus preventing us from mak-
ing representative aerosol measurements. The engine torque and
speed were controlled by an engine dynamometer (Schenck W230).
At the beginning and in-between test modes the engine was
allowed a minimum of 3-min warm up time prior to aerosol
measurements.

The base fuel was a petroleum low-sulfur (<50 ppmw) diesel
without any addition of biodiesel (BO) from the Chinese Petroleum
Corporation in Taiwan. However, the B0 is no longer available on
the market as it has been blended with biodiesel since 2008. At
the time of study in 2010, the market-available fuel already con-
tains biodiesel content of 2% (B2), which is the baseline fuel in the
present study. The B2 was further blended with neat WCO (B100)
(Greatec Green Energy Co., Ltd.) by volume to 10% (B10) and 20%
(B20) biodiesel blends. The B2 and B10 were not analyzed for fuel
properties. Table 3 shows the fuel properties of the BO, B20 and
B100.

The aftertreatment DOC+DPF under study is an active-type
regeneration system. It consists of a DOC followed by a DPF with
lengths of 10cm and 30.5 cm, respectively, and the same outer
diameter of 24 cm. The DOC and DPF both have a cell density of
100 cpsi, with each cell area of 0.2 cm x 0.2 cm, and cell thickness
of 0.05 and 0.07 cm, respectively. The DOC is made of a ceramic
straight-through honeycomb catalyzed with 1:1 mixture of plat-
inum and palladium of 1 gm~3 loading. The DPF is an uncatalyzed
ceramic wall-flow honeycomb with porosity of 45-50% and pore
size of 2-3 um. An expansion tube is connected between the
exhaust pipe and the DOC+ DPF to allow DEP diffuse evenly into
the DOC+DPF. The measured back-pressure at 1500-2500 rpm is
typically in the range of 1.5-2.5kPa, and could reach above 4 kPa
during DPF regeneration at 1200 rpm.

2.2. Sampling system and instrumentation

Fig. 1 shows the schematic diagram of the experimental set up
and sampling system. It is noted that the DOC + DPF was always
attached to the exhaust. Subsequently, two forward-facing L-shape
sampling probes were placed upstream and downstream of the
DOC+DPF to sample pre- and post-DOC+DPF exhaust, respec-
tively. Aerosol sampling, dilution and thermal conditioning were
carried out using a rotating disc thermo-dilution system that con-
sists of a rotating disc dilutor (Matter Engineering Model MD19-2E)
followed by a thermal conditioner (ThC, Matter Engineering Model
ThC-1). The entire sampling process is described below. Engine
exhaust was directly sampled with a peristaltic pump at a flow rate
of ~1Lmin~! (Ipm). A ball valve was placed between the sampling

Heavy-
duty diesel
engine

Engine DOC+DPF

Exhaust
—
dynamometer

L-shape sampling ports 3

Ball valve
. Lo Rotating di [ Excess exhaust
Filtered 80 °C dilution air otating dise
dilutor
Exhaust «
Thermal Dlhﬁ:s;::ple
Auxiliary CPC conditioner
pump DMA 300 °C

Fig. 1. Experimental set up and sampling system.

probe and the dilutor and was adjusted to provide exhaust flow
rate of >~11pm, hence reducing the adverse effect of back pres-
sure on the dilutor. A small fraction of sampled engine exhaust
was then immediately mixed with filtered dilution air of 80°C
and ~1.51pm using a 10-cavity rotating disc. The dilution air flow
rate was maintained by an auxiliary flow rate of ~1.21pm, plus
the sample flow of 0.3 1pm drawn into the aerosol measurement
instrument. By varying the disc rotation speed, DRs (i.e., the flow
rate of dilution air divided by that of the sample air) in the range
of 15-300 were achieved. The diluted sample was subsequently
thermally conditioned at 300°C in a thermally-insulated stain-
less steel tube of 25 cm length and 0.95 cm diameter to evaporate
semivolatile materials that would otherwise condense on the diesel
exhaust particles under ambient conditions. After thermal condi-
tioning, the remaining aerosols are considered as nonvolatile or
so-called “solid” particles. The number size distributions of diesel
particles were then measured with a scanning mobility particle
sizer and condensation particle counter (SMPS) system (GRIMM
Model 5.500). The operating principles of the system are described
in detail elsewhere [37]. In brief, the SMPS consists of along Vienna-
type differential mobility analyzer (L-DMA, GRIMM Model 55-900)
and a butanol-based condensation particle counter (CPC, GRIMM
Model 5.403). The detectable aerosol mobility diameters range
from 11.1 to 1083.3 nm (44 size bins) with a sheath and sample flow
rate of 31pm and 0.3 Ipm, respectively. The saturator and conden-
sor temperature of the CPC was set at 40°C and 15 °C, respectively.
The CPC has a 50% counting efficiency at 4.5 nm and measures num-
ber concentration up to 2 x 10# cm~3 with single particle counting
and coincidence correction, and up to 107 cm~3 with the photo-
metric mode. The SMPS was set to down-scan 3 min and 18 s from
10,000 to 5V plus a wait-time 12 s, producing one particle number
size distribution every 3.5 min. The DMA and CPC efficiencies were
taken into account in the data acquisition and inversion software
provided by the manufacturer (GRIMM 5.477 Version 1.35 Build 1).
In the present study, a minimum of three samples were collected
for each test mode.

According to the manufacturer, particle losses in the rotat-
ing disk dilutor are taken into account by the calibration factor
for the stated DR. In addition, experimentally derived standard

Table 3

Fuel properties.
Fuel property B0O? B20 B100 ASTM
Density at 15°C (gml~1) 0.8386 0.8520 0.8805 D4052
Flash point (°C) 79 99 185 D93
Dynamic viscosity at 40 °C (cSt) 3.117 3.592 4.359 D445
Sulfur content (ppmw) 34.5 15 21 D2622
Polyaromatic content (wt%) 6 - - D6591
Total aromatic content (wt%) 28.2 - - D6591
Nitrogen content (wt%) 0.55 0.52 0.54 Elemental analysis
Carbon content (wt%) 84.95 82.39 75.87 Elemental analysis
Hydrogen content (wt%) 13.46 14.11 12.17 Elemental analysis
Gross heating value (calg1) 10259 9965 9516 D240

2 Petroleum low sulfur diesel.
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Fig.2. Average particle size distributions in pre-DOC + DPF exhaust without (~27°C)
and with thermal conditioning (300°C) at (a) 50% and (b) 0% load using B2.

values for losses with cold ThC are ~3% and with heated ThC of
300°C ~15%. The latter thermophoretic losses were found to be in
accordance with that of 12% determined in the present study with
the HDDE running on B2 at 50% load (see Fig. 2a). The diffusion loss
to the sample transfer lines between the exhaust and dilutor and
between the ThC and SMPS (total length 1 m, flow rate 1.5 1pm and
maximum exhaust temperature 430 °C) was estimated to be ~10%
for 10 nm particles [38]. We therefore did not make diffusion loss
corrections to the measured concentration. Furthermore, the mea-
sured total particle number concentrations (Ntor, i.e., 10-1000 nm
particles) at 0% load under three different DR of 215, 250 and 300
showed that the relative percent differences (RPD) were <3%, with
respect to DR=300. The RPD for DR of 15, 17 and 19 tested at 25%
load were <15%. Repeated measurements of Nyt under various test
modes on “single” days showed that the intra-variability, expressed
as relative standard deviation (RSD), was in the range of 1-4%.
Repeated measurements of Nrgr under various test modes on “dif-
ferent” days showed that the inter-variability was in the range of
4-18% RSD.

3. Results and discussion

In the following, all the presented Nrgr were corrected for
dilution and refer to “nonvolatile” particles in the size range
of 10-1000nm. An exception is in the discussion of particle
volatility where the Nror without thermal conditioning refers to
“semivolatile” plus “nonvolatile” particles.

3.1. Volatility of diesel engine particles

The volatility of DEP was investigated by thermal conditioning
the diluted DEP at 300 °C prior to the number size distribution mea-
surements. The HDDE was operated with B2 at 50% and 0% load.
The measured average particle size distributions in pre-DOC + DPF
exhaust without and with thermal conditioning are presented in
Fig. 2. The error bars, in all figures, represent one standard deviation
from repeated measurements. Without the thermal conditioning,
the sample air temperature was ~27°C. At 50% load, the mea-
sured particle mode diameter (Dy,0qe ) and Nror showed no practical
changes after thermal conditioning; a persistent unimodal size
distribution with D04 Of 75 nm was observed. This Dy oge Tep-
resents typical accumulation (soot) particles, composed primarily
of carbonaceous agglomerates [12,13]. The identical Dy,oge With
and without thermal conditioning indicates the nonvolatile char-
acteristics of soot particles, as well as the low concentration of
semivolatile HC in the exhaust of temperature >320°C at medium
or high load (Table 2). The decrease of Nyor after thermal condi-
tioning was only 12% due to diffusion and thermophoretic losses in
the ThC, in line with that of 15% reported by the manufacturer. The
lack of core or nucleation mode, with and without thermal condi-
tioning, suggests the absence of re-nucleation of H,SO,4 vapor in
the present sampling system. Nevertheless, as the lower size cut of
the present SMPS system is 10 nm, it is unclear whether or not a
core or nucleation mode of diameters <10 nm was present in the
exhaust. Using rapeseed methyl ester and low sulfur diesel, respec-
tively, Heikkild et al. [16] and Ldhde et al. [21] have shown that high
concentrations of nonvolatile cores of <10 nm are present in HDDE
exhaust at above 25% load.

At 0% load, the measured Dpoqe and Npor changed signifi-
cantly after thermal conditioning. Without thermal conditioning,
we observed a pronounced unimodal size distribution with Dy,oge
of 39 nm. This particle mode at 39 nm, however, disappeared upon
thermal conditioning and replaced by a pronounced nonvolatile
core mode with Dy,o4e Of 15 nm, accompanied by a 57% reduction
of Ntor. The appearance of core mode after thermal condition-
ing was unlikely due to re-nucleation because the exhaust sample
was considerably diluted with the DR ranging from 250-300. The
observed substantial size reduction was due to thermal desorption
of semivolatile materials condensed on the particles, e.g., the SOF.
This is not surprising as higher HC concentrations, hence higher SOF
values are typically associated at idle or light load because of incom-
plete combustion under lower combustion temperature (e.g., [24]).
Ronkkd et al. [9] observed similar results though, unlike the present
study, the measured Nrgr showed little changes after thermal con-
ditioning. Here, the particle diffusion and thermophoretic losses
(~12%) alone could not fully account for the observed Ntor reduc-
tion of 57%. Taking the above together and considering the very
small amount of soot particles (Fig. 2b inset), the results suggest
that, without the thermal conditioning, the higher HC concentra-
tions at 0% load may be responsible for not only particle growth
but also enhanced nucleation. Earlier studies have shown that the
formation of nucleation mode particles correlates well with the HC
concentrations under low FSC, light load and without aftertreat-
ment [9,26,39].

3.2. Effects of engine load

In this experiment, the HDDE was operated with B2 at 0% (idle),
25%, 50% and 75% load. The below results are similar to that using
B10 and B20 (see Table 4) and hence not presented here. The
measured nonvolatile Nrgt in pre-DOC + DPF exhaust at different
engine loads using B2 are shown in Fig. 3. Also included in the
figure are the Nygr differences with respect to 25% load (base-
line); 0% load was not used as the baseline because its particle
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Table 4

The measured total nonvolatile particle number concentration (Nror) with different biodiesel blend and engine load.

Load (%) B2 B10

B20

Nror (]07 crn*3) Nror (107 cm*3)

Reduction? (%) Nror (107 cm~3) Reduction? (%)

0 5.12 5.50
25 3.13 237
50 4.97 3.92
Average 4.41 3.15

-7 3.44 33
24 1.89 40
21 3.27 34
29b 2.87 35

2 Nror reduction with respect to B2 for each engine load.
b Excluding B10 at 0% load.
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Fig. 3. The measured total nonvolatile particle number concentration (Nror) in pre-
DOC +DPF exhaust at different engine loads using B2.

emission characteristics were substantially different from other
test modes. The measured nonvolatile Nygr ranged from 3.19 x 107
to 5.24 x 107 cm~3, which is slightly higher than that measured by
Heikkild et al. [16] who tested a HDDE with three different fuels at
25-100% load. It is notable that these concentrations are 103 times
higher than typical ambient particle number concentration [40].
The nonvolatile Nror at 0% load were higher than at 25% load but
lower than at 50% and 75% load. The Ntor increased with increas-
ing load from 25%, 50% to 75%, resulting a concentration increase
of up to 64%. The measured nonvolatile size distributions in pre-
DOC + DPF exhaust at different engine loads using B2 are shown in
Fig. 4. The size distributions at 0% load were very different from

16
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Fig. 4. Average nonvolatile particle size distributions in pre-DOC + DPF exhaust at
different engine load using B2.

other test modes and exhibited bimodal, showing a predominant
core mode of 15 nm and a substantially minor soot mode of ~68 nm.
At above 25% load, the core mode disappeared. Instead, the size
distributions were unimodal with a soot mode that increased in
concentration and size with increasing load from 25%, 50% to 75%.
The soot concentration increase is in accordance with Heikkild et al.
[16], but the size increase is not. Tzamkiozis et al. [41] have shown
very similar unimodal particle size distributions between ~10 and
300 nm, without the core mode, from a diesel passenger car run-
ning on various biodiesels at constant speed of 50 km h~1. Tsolakis
[42] suggested that more soot particles are produced at higher load
as a result of increased fuel consumption, smaller air-to-fuel ratio,
longer period of diffusion combustion, and lower soot oxidation
rate. The elevated numbers of soot particles in turn resulted in
enhanced particle growth by coagulation.

3.3. Effects of waste cooking oil biodiesel

The measured nonvolatile Nror with the HDDE operated with
three different WCO biodiesel blends and loads are given in Table 4.
Also included in the table are the Ntot reductions for each load with
respect to B2. The Ntgr at a given load clearly showed a consistent
and gradual reduction with increasing WCO biodiesel blend, with
the exception of B10 at 0% load. Excluding that exceptional case,
an increase of WCO biodiesel blend from 2% to 20% resulted in an
overall Nror reduction of 35%. Fig. 5 shows the nonvolatile parti-
cle size distributions in pre-DOC+DPF exhaust at different loads
using B2, B10 and B20. At 0% load, the number of core particles
decreased with increasing biodiesel blend. At 25% and 50% load,
the number of soot particles decreased with increasing biodiesel
blend. Therefore, the number reduction with increasing biodiesel
blend was not limited to soot particles but also included the core
particles. This is likely due to the increased oxygen content, lower
aromatic content, prolonged soot oxidation time, and lower final
boiling point with increasing biodiesel blend [28,43]. The reduction
of nonvolatile core particles, shown here, is more straightforward
than the semivolatile nucleation mode particles, which have been
shown by a majority of studies to increase with increasing biodiesel
blend [28].

The Djoqe changes of the nonvolatile core and soot particles
were not considered significant (<6 nm) among different biodiesel
blends. This suggests that biodiesel blend in between 2% and 20%
have little or negligible effect on the nonvolatile particle size distri-
bution. Using the same source of WCO, Lin et al. [44] have shown the
HC concentration decreases with increasing WCO biodiesel blends
from 5% to 30%. This indicates that particle growth due to HC
condensation would likely be more preferable at lower biodiesel
blends. It is therefore expected that, without thermal condition-
ing, the resulting semivolatile particle size distribution would show
decreasing Dp,0qe With increasing biodiesel blend at idle or low load.
Without thermal conditioning, Lapuerta et al. [45] have shown the
number-derived particle mass concentration and mean diameter
decreased with increasing WCO biodiesel blends. Similarly, Di et al.
[18] also reported a size reduction of soot particles with increasing
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Fig. 5. Average nonvolatile particle size distributions in pre-DOC + DPF exhaust at
(a) 0%, (b) 25% and (c) 50% load using B2, B10 and B20.

WCO biodiesel blend, though the total semivolatile particle concen-
tration increased. The authors attributed the size reduction to the
increase of oxygen (biodiesel) content in the fuel. As the previous
two studies have tested the WCO biodiesel blends in a much wider
range of 20-80%, it is also likely that the size reduction would not
be observed when the blends are <20%. The present study focused
on low concentrations of biodiesel blends because they are more
likely to be the ones used in full-scale applications in the near
future.

3.4. Efficiency of diesel particulate filter

The filtration efficiency of the DOC+DPF was tested with the
HDDE operated with three different biodiesel blends and loads.
Fig. 6 shows the measured nonvolatile Nrot in pre-DOC + DPF and
post-DOC + DPF exhaust at different loads using B2, B10 and B20.
The results show that the nonvolatile particles were effectively
removed by the DOC + DPF, with the filtration efficiencies >99.84%
regardless of the biodiesel blend and load under study. Fig. 7
shows the average nonvolatile particle size distributions in post-
DOC + DPF exhaust under different load and biodiesel blend. When
examining the post-DOC + DPF size distributions, it is important to
keep in mind that some of the Nrgr are very low and comparable
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Fig. 6. Measured total nonvolatile particle number concentrations (Ntor) in pre-
DOC + DPF and post-DOC + DPF exhaust at various engine loads using (a) B2, (b) B10
and (c) B20.

to the ambient particle number level, i.e., ~10*cm=3. Such low
concentrations give rise to increased measurement uncertainty,
which is particularly large for >300 nm particles. These large parti-
cles, however, only contribute to <0.3% of Ntor in most cases. As a
result, measurement errors leading to unusual “spikes” in the post-
DOC +DPF size distributions cannot be ruled out. Nevertheless,
in comparison to Fig. 5, Fig. 7 indicates that the size distribu-
tion “modal” characteristics in pre-DOC+DPF exhaust remained
practically unchanged after passing through the DOC +DPF. This
is mainly due to the nearly equal, high filtration efficiencies across
the particle-mode size range. The above results are in good agree-
ment with that of De Filippo and Maricq [10], who investigated
the effects of exhaust aftertreatment at idle condition and engine
EGR off. The present study has extended the filtration efficiency
tests to different WCO biodiesel blends and engine load. Biswas
et al. [46] also showed little alteration of nonvolatile particle
size distributions post the DOC+DPF (with continuous regener-
ating technology) using a thermodenuder at 230°C, whereas a
pronounced semivolatile nucleation mode was observed at lower
temperature of 150 °C. In the present study, the DR was decreased
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Fig. 7. Average nonvolatile particle size distributions in post-DOC + PDF exhaust at
(a) 0%, (b) 25% and (c) 50% load using B2, B10 and B20. Note that the y-axis scale for
the 0% load is 10 times higher than the others.

from above 250 to 15 to accommodate the low Nrgr. With that
in mind, the persistence of nonvolatile core particles post the
DOC+DPF suggests that the core particles observed at 0% load
were not sampling artifact. In addition, the role of DOC in the
particle number reduction and size alteration has been shown to
be relatively negligible or minor [10,24,47]. Therefore, given that
the test engine is a relatively old model with minimum control
technologies, the above results underscore the highly effectiveness
of DPF alone for nonvolatile particle number reduction. How-
ever, such efficiencies should not be mistaken as the same for the
semivolatile nucleation mode particles, which could form post the
aftertreatments as shown in previous studies [24,46,47]. If the non-
volatile particle reductions were not accompanied with concurrent
reductions of semivolatile materials, the formation of semivolatile
nucleation mode particles via homogeneous nucleation is highly
favored under typical ambient conditions. This would in turn com-
promise the particle number filtration efficiencies of DPF. Bugarski
et al. [47] have shown elevated nucleation mode particles post the
DPF, resulting in low or even negative particle number filtration
efficiencies.

4. Conclusions

The present study investigated the effects of biodiesel blend,
engine load and DOC+DPF on the nonvolatile particle number
emission characteristics in HDDE exhaust. The particle number size
distributions were measured with a rotating disc thermo-dilutor
system that provides hot dilution of 80°C, DR ranging from 15
to 300 and thermal conditioning of diluted DEP at 300°C. The
results show that the nonvolatile Ntor in HDDE exhaust increase
with increasing load from 25% to 75%. On the other hand, the Ntor
decrease with increasing WCO biodiesel blends from 2% to 20%. The
nonvolatile particle size distributions show a modest increase of
mode diameters when increasing the engine load, whereas a nega-
tive or negligible effect on the mode diameters when increasing the
WCO biodiesel blends. At 0% load (idle), the Nygr are highest and
the respective size distributions are strongly affected by conden-
sation of semivolatile materials. At 0% load, thermal conditioning
the DEP at 300°C reveals nonvolatile core particles of <16 nm
that would otherwise be identified as accumulation (soot) parti-
cles of 39 nm under ambient temperature. The DOC + DPF shows
remarkable filtration efficiency for both the nonvolatile core and
soot particles and had negligible effect on the size distributions,
regardless of biodiesel blend and engine load under study. The
DOC + DPF is very effective in reducing the numbers of nonvolatile
component of the DEP to levels comparable to ambient concen-
trations of ~10% cm~3. Retrofitting such aftertreatment to in-use
diesel vehicles shows great potential in meeting current nonvolatile
particle number emission limits. However, it is important to note
that the present measurements of nonvolatile particles are not
representative of actual diesel particulate emissions, which con-
tain both nonvolatile and semivolatile components. Furthermore,
actual diesel emissions involve complex physical and chemical
transformation upon cooling and dilution in ambient air. If the
condensable vapors were not removed concurrently with the par-
ticles, the formation of semivolatile nucleation mode particles
is highly favored upon exhaust cooling. With that in mind, the
connection between the nonvolatile particle number methodol-
ogy and the DEP-associated health risks needs to be additionally
considered.
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