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A number of investigations have examined the impact of the use
of biodiesel on the emissions of carbon dioxide and regulated emis-
sions, but limited information exists on the chemical composition
of particulate matter from diesel engines burning biodiesel blends.
This study examines the composition of diesel particulate matter
(DPM) emissions from a commercial agriculture tractor burning
a range of biodiesel blends operating under a load that is con-
trolled by a power take off (PTO) dynamometer. Ultra-low sulfur
diesel (ULSD) fuel was blended with soybean and beef tallow based
biodiesel to examine fuels containing 0% (B0), 25% (B25), 50%
(B50), 75% (B75), and 100% (B100) biodiesel. Samples were then
collected using a dilution source sampler to simulate atmospheric
dilution. Diluted and aged exhaust was analyzed for particle mass
and size distribution, PM, s particle mass, PM, s organic and el-
emental carbon, and speciated organic compounds. PM, s mass
emissions rates for the B25, B50, and B75 soybean oil biodiesel mix-
tures had 20 %-30% lower emissions than the petroleum diesel, but
B100 emissions were about 40% higher than the petroleum diesel.
The trends in mass emission rates with the increasing biodiesel
content can be explained by a significant decrease in elemental
carbon (EC) emissions across all blending ranges and increasing
organic carbon (OC) emissions with pure biodiesel. Beef tallow
biodiesel blends showed similar trends. Nevertheless, it is impor-
tant to note that the study measurements are based on low dilution
rates and the OC emissions changes may be affected by ambi-
ent temperature and different dilution conditions spanning micro-
environments and atmospheric conditions. The results show that
the use of biodiesel fuel for economic or climate change mitigation
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purposes can lead to reductions in PM emissions and a co-benefit
of EC emission reductions. Detailed speciation of the OC emissions
were also examined and are presented to understand the sensitivity
of OC emissions with respect to biodiesel fuel blends.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

INTRODUCTION

Environmental concerns and energy security issues have
prompted legislation and regulatory actions spurring demand for
alternative fuels, such as biodiesel. The greatest driving force
for the use of biodiesel blends is the need to have a fuel that
meets the future environmental and energy security needs while
also meeting market demands for cost and engine operating
performance; historically, large roadblocks for the acceptance
of alternative fuels (Akinci et al. 2008). Biodiesel has many pos-
itive attributes associated with its use, but by far the most noted
attribute highlighted by fleet managers is the similar operating
performance to conventional diesel fuel (Carraretto et al. 2004)
and the lack of changes required to facilities and maintenance
procedures to implement the use of biodiesel fuel (Lapuerta
et al. 2008). Worldwide, agricultural tractors are being fueled
by biodiesel due to its lower commercial price compared to
petroleum diesel fuel, and in many cases because it can be eas-
ily produced from vegetable oil, animal fat, or even used cooking
oil (Refaat 2009). The fast spread of biodiesel usage around the
globe has led to special interest in the effects the fuel could have
on noncarbon dioxide emissions, and the subsequent human
health and climate change impacts (Morris and Jia 2003). The

1109



1110

use of biodiesel in diesel engines has been shown to cause a de-
crease in particulate matter, hydrocarbons and carbon monoxide,
while NO, emissions tend to increase (Schumacher et al. 1996;
Frey et al. 2008). Other studies have identified size distributions
of fine particles from biodiesel as being different from those of
petroleum diesel; in general, biodiesel emits less accumulation
mode PM, but more particles with small aerodynamic diame-
ters (Kim et al. 2008; Lin et al. 2008; Heikkila et al. 2009). Few
studies have focused on chemical speciation of organic aerosols
emitted by diesel engines using biodiesel; however, there are
studies showing a relation between the Soluble Organic Frac-
tion (SOF) and the oxygenation level of biodiesel (Lapuerta
et al. 2003). Others show gas and particulate phase polycyclic
aromatic hydrocarbons (PAHs) emission rates from diesel en-
gines, all concluding that using biodiesel results in substantial
decreases in those emissions (Durbin et al. 2000; Borras et al.
2009; Chien et al. 2009). In 2004, 25 million gallons of B100
were sold. By 2005, that number had tripled. Today, approxi-
mately 600 fleets nationwide are using biodiesel blends in their
diesel engines, and biodiesel is available in its various blends at
approximately 800 locations across the US (USEPA 2009). This
study shows the detailed chemical speciation of organic aerosols
emitted by various biodiesel blends from a nonroad diesel engine
that is not equipped with after-treatment technology. Currently
in the USA, Europe, and several countries in Asia, there are reg-
ulations that effectively require all new onroad diesel engines to
have after-treatment. Nevertheless, due to the long life-time of
nonroad diesel engines and the slower implementation of emis-
sions standards for nonroad engines, a significant number of
nonroad diesel engines will continue to operate for at least the
next two to three decades without after-treatment; unless regula-
tion force controls to be added as retrofits. The particulate matter
speciation covered in this manuscript includes organic carbon
(0C), elemental carbon (EC), n-alkanes, hopanes and steranes,
fatty acid methyl esters, and PAHs. This study provides an un-
derstanding of how biodiesel blends will impact the composi-
tion of particulate matter emissions from diesel engines without
after-treatment devices and provides PM; 5 emissions estimates
from agricultural tractors, which are important sources of pollu-
tants in areas where agriculture operations are major economic
activities.

METHODS

Testing Vehicle, Fuel Blends, and Additional Equipment
The diesel-powered tractor used for this study was a John
Deere 7700 model from 1993 that was not equipped with after-
treatment control technologies. This specific model is com-
monly used with pure petroleum diesel fuel, as well as with
commercial and home-made biodiesel blends. The engine load
was controlled with a power take off (PTO) dynamometer AW
NEB-400 in order to simulate real world engine operation con-
ditions. In order to keep this experiment as representative as
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possible, the engine test cycle included two modes: idle, for
10 min; followed by a steady operation of the engine at the man-
ufacturers rated speed of 2100 RPM and 126 HP, for 20 min.
Samples were collected after the whole testing time of 30 min.
The driving cycle used for the emissions test was selected to best
mimic real world operating conditions of agricultural tractors
that are used to power farming activities, based on discussions
with John Deere experts at the Madison Area Technical College
(MATC). The fuels used for the study were commercially avail-
able Ultra Low Sulfur Diesel fuel (ULSD, B0), virgin soybean
oil based biodiesel (Chevron Philips Chemical Company, The
Woodlands, TX), and beef tallow based biodiesel (Nova Bio-
fuels Seneca, Seneca, IL). Blends of ULSD with soybean oil
based biodiesel (25% [B25], 50% [B50], 75% [B75] and 100%
[B100] by volume), and with beef tallow based biodiesel (50
(B50T), and 100% (B100T) by volume) were tested. Three tests
were performed for each fuel of soy biodiesel blend and two
for tallow based biodiesel blends. Four dynamic blank tests and
one loading blank test were performed to assess data quality
and control. Dynamic blank tests consist of regular 30 min tests
without engine exhaust entering into the sampler. Their purpose
is to establish the level of contamination in the sampler and by
the filtered and activated carbon scrubbed dilution air. Loading
blank tests consist of loading all sampling media in the sampler
and collecting them after a few minutes in order to estimate the
level of contamination introduced by sample handling.

Sampling Procedure

A dilution sampler was used to dilute the engine exhaust with
filtered and scrubbed ambient air to mimic real atmospheric di-
lution of engine exhaust. The sampler was the same as described
by Hildemann et al. (1989) and applied to emissions testing as
described by Okuda et al. (2009). In addition to filter based me-
dia, two MSP M102 model Micro-Orifice Uniform Deposit Im-
pactors (MOUDI) were used to collect size resolved particulate
matter emissions from B0, B100, and B100T fuels (Kleeman
et al. 2000). One MOUDI was loaded with Pall (Pall Life Sci-
ences, Ann Arbor, MI) polytetrafluoroethylene (PTFE) 47 mm,
Teflon membrane filters (TEF), and the other was loaded with
MSP (MSP Corporation, Shoreview, MN) aluminum foils (AF),
and a quartz fiber filter (QFF) after-filter (Pall Life Sciences, Ann
Arbor, MI). TEF collected with the MOUDI were analyzed for
mass gravimetric PM and the aluminum foils were analyzed for
mass and elemental and organic carbon (ECOC). Filter samples
were collected on 47 mm quartz fiber and Teflon filters (Pall Life
Sciences, Ann Arbor, MI), supported by aluminum and Teflon
holders respectively, after a PM; s cyclone to remove coarse par-
ticles. In this study, denuded filters are considered those in which
flow passed through an activated carbon-impregnated cellulose
denuder (Sunset Laboratory, Inc., Tigard, OR), used to capture
semivolatile organic gases, and undenuded samples were col-
lected without passing through the earlier mentioned denuder.
Figure S1 (see online supplemental files) shows a schematic of
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the different sampling equipment connected to the dilution stack
sampler.

Analytical Techniques

TEF and aluminum foils were weighed before and after sam-
pling in a temperature and humidity controlled room with a
robotic filter apparatus to determine PM; 5 mass (Kleeman et al.
2000). The quartz fiber filters were baked for 12 h at 550°C
before sampling, to reduce the residual concentrations of or-
ganics on the filters. OC and EC were measured by a ver-
sion of the NIOSH ECOC method (Schauer et al. 2003), using
1.5 cm? punches of QFF and aluminum foils. The organic mass
(OM) concentration was estimated by subtracting the denuded
OC mass from the difference between total PM and EC mass
[OM = (PM - EC) — OC]. This value accounts for the noncar-
bon elements in the particulate organic species emitted in the
exhaust, mainly oxygen and hydrogen. Chemical speciation of
particle organics was performed by gas chromatography/mass
spectroscopy (GC/MS) analysis (Sheesley et al. 2004). Compos-
ite samples of two or three half quartz fiber filters, depending
on the number of tests performed for each test, were spiked
with isotopically labeled internal standards (IS4, Levoglucosan,
KPA, PMSTD10, and PMSTDI11) in order to track the response
of the target compounds (Sheesley et al. 2007). Samples were
extracted with dichloromethane and acetone using sonication
then concentrated with rotary evaporators and a nitrogen evap-
orator. The portions of 250 uL aliquots were used for quan-
tification of PAHs, alkanes, hopanes, steranes, fatty acids, and
fatty acid methyl esters. The reported emission rates have been
dynamic blank subtracted, and the uncertainty was calculated
by taking the square root of the sum of the squared standard de-
viation of the dynamic blanks plus 20% of each detected value
as determined by GCMS analysis (Stone et al. 2008).

Emission Rates

Emission rates of EC, OC, mass, and speciated chemical
species were calculated in mass per kilogram of CO, in the
exhaust gas. Tests for soybean biodiesel blends were performed
in triplicate, and in duplicate for the tallow biodiesel blends,
which is the basis for the average measurements and uncertain-
ties shown in the results of this study. These measurements were
compared with pure ULSD fuel, referred to as BO. Real time
measurements of CO, emission rates in the exhaust and in the
diluted sample were taken by a TESTO 350 (Testo 350, Testo
Inc., Sparta, NJ) emissions analyzer, in addition to O,, CO,
NO, and NO,. Dilution ratios were calculated by comparing the
emission rates of CO, NO, and NO, in direct exhaust with the di-
luted sample exhaust. Dilution ratio inside the dilution chamber
was calculated by dividing the raw exhaust gas concentration
by the dilution chamber gas concentration as measured by the
portable emissions analyzer. Concentrations values that had
the best data quality based on detection limit and repeatability
were selected to calculate the dilution ratio for each test. In
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most tests, NO concentrations showed to be more consistent.
Dilution ratios calculated for each test can be found in Table S1.

RESULTS

PM Mass, EC, and OC Emissions

As part of the EC and OC emissions characterization, the
effect of an activated carbon denuder was studied. Results show
that for EC emissions there is no significant change in filter
loading when comparing the denuded filters with the undenuded
filters, confirming that activated carbon denuders only adsorb
organic volatile and semivolatile species but not elemental car-
bon. On a mass basis, the loss of particles in a denuder is small,
since most of the lost particles have very small diameters (less
than 30 nm), and the mass contribution of such particles is negli-
gible compared with particles with greater diameters (Kittelson
et al. 2006; Cheng et al. 2009).

Good agreement between the denuded and undenuded filters
EC measurements, with an R square value of 0.995 is shown
in Figure la. On the other hand, OC filter loading was dif-
ferent between denuded and undenuded filters; there was an
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FIG. 1. Denuded and undenuded EC and OC emission rates. (a) Influence of
denuding aerosol on elemental carbon (EC) emission rates, and on (b) organic
carbon emission rates. Backup filters correspond to quartz fiber filters preceded
by Teflon membrane filters (TEF) collecting semivolatile organics.
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approximate 20% difference between the OC loading in those
filters, as shown in Figure S2, indicating the influence of
semivolatile/volatile organic partitioning in quartz fiber filters
in the estimation of particle OC mass. In order to evaluate the
removal of semivolatile/volatile organic species by the denuder,
the OC mass in the denuded filters was compared with the OC
mass in quartz fiber filters (Backup) installed on a separate
sample train, before Teflon filters. The OC mass collected in
denuded filters and that collected in undenuded filters minus the
collected in backup filters correlated well with a simple linear
regression, as observed in Figure 1b, indicating that the denuder
removes a good portion of semivolatile/volatile organics from
the OC mass collected in undenuded filters, which is in good
agreement with other studies (Cheng et al. 2009; Okuda et al.
2009). Nonetheless, the use of denuders does not completely
overrule the additional effect that could have the dilution of
engine exhaust on the partitioning of organic species in quartz
fiber filters (Lipsky and Robinson 2006).

In this study, we considered the denuded OC emissions as
representatives of the particle phase OC. Figure 2a shows OC
emission rates for soybean oil and beef tallow biodiesel fuels.
OC emissions increased with the increased biodiesel content
with the highest emission rates found with largest biodiesel
content. The OM to OC ratio shows a similar trend to OC emis-
sions, as observed in Figure 2b, which indicates particulate or-
ganic species emitted by pure biodiesel combustion have higher
oxygen content compared to those emitted by pure petroleum
diesel.

Size Resolved EC and OM Emission Rates for Tested
Biodiesel Blends

The size resolved EC and OM emission rates as determined
using the MOUDI samplers are shown in Figure 3.

The results show that the fraction of biodiesel in the blend
impacts the size distribution of ultrafine particles. The increment
in particle number in the 100—200 nm particle diameter range for
soybean oil biodiesel B100 is about 70% compared to BO. This
increase is not as large for beef tallow biodiesel B100 (about
40%). EC decreases with pure biodiesel in the same particle
diameter range, while OM increases. It is important to highlight
that soybean oil and beef tallow biodiesel emissions show a
similar peak in the range of 100 nm to 200 nm particle diameter.

Chemical Speciation of PM; ;5 Emissions for Biodiesel
Blends

Figure 4a shows emission rates of fatty acid methyl esters,
fatty acids, and other organics. BO fuel exhaust showed no de-
tectable fatty acid methyl ester emissions, whereas biodiesel
blends (from B50 to B100) showed increases of 74% for soy
biodiesel and of 64% for tallow biodiesel. N-alkane emission
rates were reduced in 35% for B50 soy biodiesel, and in 82%
for pure soy biodiesel compared to BO fuel. Tallow biodiesel
showed 69% reduction in n-alkane emission rates for BS0 and
87% for pure tallow biodiesel. BSO soybean oil resulted in a
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73% decrease in PAHs emission rates and 80% for B100 soy-
bean oil, compared to BO. PAHs emission rates were reduced to
76% for B50 beef tallow and 84% for B100 beef tallow blends.
Since hopanes and steranes species are associated with the en-
gine lubricant oil and not with the fuel, emission rates of these
species were expected to show little variation. Compared with
the other analyzed species, there was not a clear variation be-
tween hopanes and steranes emission rates with the biodiesel
content in fuel blends, as seen in Figure 4b. In the case of
soybean oil based biodiesel, B5SO fuel blends showed a slight
decrease of about 8% in these emissions compared to BO. For
B100 fuel blends there was an increase of about 20% compared
to BO. At the same time, tallow based biodiesel blends showed
no specific correlation either, with a 30% increase for B50, and
a 19% decrease for B100 compared to BO.

Calculated emission rates of hopanes and steranes for the
different fuel blends are summarized in Table S3.
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Table 1 shows emission rates and the associated uncertainties
of the analyzed dominant organic functional groups.

Speciated n-alkane and fatty acid methyl ester species emis-
sion rates are shown in Figure 5a. The detected dominant
n-alkane species were n-octadecane, n-heptadecane, n-nona-
decane n-eicosane, n-hexadecane, n-norpristane, and n-henei-
cosane. In general, emission rates of all these species were
distributed almost evenly for all fuel blends. Blending petroleum
diesel with biodiesel fuel results in clear reductions in emis-
sion rates of all detected n-alkane species; beef tallow biodiesel
blends clearly showed greater reductions compared to BO. Fig-
ure 5b shows as dominant fatty acid methyl ester species linoleic
acid, oleic acid, and hexadecanoic acid methyl esters. In this
case, blending petroleum diesel with biodiesel fuel results in
increasing fatty acid methyl ester emission rates, which is more
significant for soybean oil biodiesel blends.

Emission rates of the speciated fatty acid methyl ester species
and their content in each fuel blend are reported in Table 2.

Figure 6a shows emission rates of all speciated PAH species,
with phenanthrene, pyrene, and fluoranthene as dominant con-
stituents. Low molecular weight (LMW) PAH emission rates
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tional groups. (a) Fatty acid methyl esters, fatty acids, and other organics.
(b) Polycyclic aromatic hydrocarbons, hopanes and steranes, and n-alkanes.

are considerably higher compared to those of high molecular
weight (HMW) PAHs, accounting for more than 55% of total
emission rates. Blending petroleum diesel with biodiesel fuel
reduced LMW PAH emission rates by about 80%, using B50,
and 87% for B100 soybean oil blends. HMW PAH emission
rates decreased about 67% for B50 and 73% for B100 soybean
oil blends, as shown in Figure 5b, thus decreasing the risk asso-
ciated with human exposure to such harmful and often carcino-
genic species. The reductions achieved by using B100 or B50
did not show great variation; indicating that there is no added
value to B100 compared to B50 in terms of PAH emissions.
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TABLE 1
Emission rates of organic species in fine particulate matter from the combustion of different blends of petroleum diesel and
soybean oil and beef tallow based biodiesel fuels

Organic compounds emission rates (ug/kg CO,)

Species BO Unc B50 Unc B100 Unc
Soybean oil based biodiesel

PAHs 6.33 0.827 1.68 0.238 1.25 0.200

Hopanes and Steranes 8.86 0.680 8.19 0.640 10.6 0.819

n-alkanes 146 1.04 95.4 0.844 26.2 0.217

Fatty acid methyl Esters ND - 2300 329 8750 1090
Beef tallow based biodiesel

PAHs 6.33 0.827 1.49 0.217 1.00 0.181

Hopanes and Steranes 8.86 0.680 6.10 0.476 10.5 0.797

n-alkanes 146 1.04 44.9 0.688 19.0 0.229

Fatty acid methyl Esters ND - 2360 313 6490 702

ND: Below the method detection limit.

DISCUSSION

In general, blending petroleum diesel fuel with either veg-
etable or animal origin biodiesel fuel showed benefits in terms of
reductions in PM; s emissions of the analyzed species from an
agricultural tractor without any exhaust aftertreatment device.
Compared with straight petroleum diesel fuel, PM; s EC emis-
sions are greatly reduced by blending this fuel with biodiesel
from either vegetable or animal origin. On the other hand, in-
creasing the content of biodiesel in fuel blends does not cor-
relate well with PM, 5 OC emissions. For B25 blends, there is
a slight decrease in such emissions, whereas for BS0 and B75
blends there is small increase; oddly, combustion of straight
biodiesel fuel showed a significant increase in PM; s OC emis-
sions, which might be attributed to the incomplete combustion
of fatty acid methyl esters. This sudden reduction in the combus-
tion reaction yield might as well be associated with the almost
total lack of n-alkanes and other hydrocarbon species present in
petroleum diesel fuel, which is contradictory with the fact that
usually biodiesel fuels have higher cetane numbers compared
with petroleum diesel fuel, and higher cetane numbers are as-
sociated with shorter ignition delays and thus more time for the
combustion process to be completed. Nevertheless, there is no
significant improvement in engine performance for cetane num-
bers higher than 55. Moreover, several scientists have agreed
that engine performance is only slightly reduced by the use of
biodiesel blends, even though fuel consumption increases and
heating values are lower due to lower carbon contents in these
fuels (Xue et al. 2011). Also, driving cycles, engine types and
age could have a strong influence. For all these reasons, the con-
clusion about the results discussed earlier is that more research
is substantially required before reaching any robust explanation.

From the climate change point of view, reductions in EC
aerosol emissions could reduce the positive radiative forcing

effect associated with diesel PM emissions (Gaffney and Marley
2009), and since OC aerosol species tend to have a negative
radiative forcing effect (Adler et al. 2009) their warming effect
might as well be reduced. In regards to OC aerosol emissions,
there was little variation for B25, B50, and B75 blends, however,
using pure biodiesel fuel (B100) resulted in increases in overall
OC aerosol emission rates, mostly associated with unburned
fatty acid methyl esters. Whereas prior studies have shown that
PM,( emissions decrease when blending petroleum diesel fuel
with biodiesel (Schumacher et al. 1996; Durbin et al. 2000;
Krahl et al. 2002; Lapuerta et al. 2003; Knothe et al. 2006; Frey
et al. 2008), other studies showed higher emissions of particles
with smaller particle diameters from diesel engines operating
on biodiesel fuel blends compared with petroleum diesel fuel,
associated with factors such as the fuel composition, heating
value and thermodynamic properties of species in the exhaust
(Kim et al. 2008; Heikkila et al. 2009).

Few studies have focused on the chemical composition of
PM emissions from the combustion of biodiesel fuel blends.
Most of these studies have covered EC and OC composition
analysis (Chung et al. 2008; Zhang et al. 2009), and further
analyzing PAH species from the OC portion of the PM (Borras
etal. 2009; Chien et al. 2009; Tsai et al. 2011). Having a detailed
composition profile of the particles emitted by a source provides
valuable information that can be used in receptor models, which
helps characterizing and clearly identifying the differences in
chemical composition of different source types. Elemental com-
position of source emissions has been used on many occasions
to identify specific sources from ambient monitoring samples of
airborne particles (Schauer et al. 1996). Prior studies have iden-
tified molecular marker profiles of diesel exhaust (Lough et al.
2007), which have been and are still used in the application of
source apportionment models throughout the world (Stone et al.
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2008; Miller-Schulze et al. 2011; Sahu et al. 2011); nonetheless,
there is very limited information about molecular marker pro-
files of biodiesel exhaust (Dutcher et al. 2011). Even with the
limitations associated with the consistency of the measurements
performed in this study due to lower dilution ratios, the chemical
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speciation of aerosol organic species present in the exhaust of
a nonroad engine operating on biodiesel blends may provide a
good basis for identifying potential molecular markers of com-
bustion of biodiesel or biodiesel blends, which can be used in
source apportionment models providing accurate estimates of
source contributions to atmospheric particulate matter concen-
trations. Fatty acids have been investigated as potential markers
of biomass burning (Ballentine et al. 1996; Oros and Simoneit
2001) and even cooking sources (Hou et al. 2006); on the other
hand, few alkyl ester species have been identified as molecular
biomarkers, except from HMW wax esters used as biomarkers
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of biomass burning (Oros and Simoneit 2001). So far, fatty acid
methyl esters have not been associated as potential candidates
to be molecular markers of biodiesel combustion. Between the
reasons for not including such species as potential markers of
biodiesel combustion could be: the lack of knowledge about
detailed organic aerosol chemical speciation, the wide variety
of biodiesel sources, and thus, variety in fatty acid methyl es-
ter composition (Hoekman et al. 2012), the frequent formation
of fatty acid methyl esters from fatty acids in the atmosphere
favored by acidic atmospheric environments (Ma et al. 2010),
and their tendency to be degraded by sunlight and interactions
with marine aerosols (Khoury et al. 2011). Notwithstanding,
the emission profiles of biodiesel combustion provided by this
study may be the basis for further studies regarding this topic.

This study provides a wider view of the chemical composition
of carbonaceous organic aerosol emitted from a diesel engine
operating on biodiesel fuel blends, limited by engine type and
age, fuel type, and driving cycle, factors that may have an im-
portant influence on such emission profiles (Schauer 2003; Kim
etal. 2008; Borras et al. 2009; Lapuerta et al. 2009). Based on the
earlier discussion, and keeping in mind that dilution of engine
exhaust also plays a very important role on specifying realistic
emission profiles from sources (Lipsky and Robinson 2006),
this study has few comparable conditions with prior studies. Al-
though further research on the parameters mentioned earlier is
required before reaching any conclusions, since the engine type
used in the tractor tested in this study has been used in different
nonroad vehicles other than agricultural tractors such as front
loaders and graders manufactured by John Deere and widely
used in construction applications, the reach of this study could
be extended to such vehicles.

Dilution samplers are typically operated at dilution ratios
between 20:1 and 200:1. A dilution ratio of 100:1 is generally
high enough to reduce the exhaust temperature to ambient lev-
els, but the median dilution ratio of vehicle exhaust in an urban
atmosphere is around 10,000:1. Dilution ratios estimated in this
study range between 15 and 30, with temperatures inside the
dilution stack sampler varying from 25°C to 28°C. At these
conditions, PM, 5 concentrations inside the dilution sampler
ranged between 800 and 1900 pg/cm?, as shown in Table S2.
Since dilution can cause changes in partitioning of semivolatile
organic compounds (Pankow 1994; Lipsky and Robinson 2006;
Robinson et al. 2007), the partitioning of semivolatile organic
compounds that contribute to particulate matter organic carbon
is expected to be different between these experiments, and typ-
ical atmospheric conditions. It is important to note, however,
that partitioning is very sensitive to temperature and since at-
mospheric temperatures vary over a very wide range, there really
is not singular dilution condition that can be used to represent
the partitioning of the atmosphere.

Nevertheless, even if there is an overestimation of fine par-
ticle emissions due to the difference between sampling and at-
mospheric conditions, it is clear that the use of biodiesel blends
results in reductions in emissions of n-alkane and PAH species.
The results of this study showed increasing fatty acid methyl
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ester emissions with increasing biodiesel content in fuel blends,
which may be associated with differences in fuel composition;
petroleum diesel contains mainly saturated and aromatic hydro-
carbons while biodiesel fuel contains mainly fatty acid methyl
esters (Maricq 2007). The higher oxygen content in biodiesel
fuel may result in better combustion yields (Lapuerta et al.
2009), nonetheless, fatty acid methyl ester emissions from pure
biodiesel fuel (B100) were greatly increased with respect to
other fuel blends. This increase can be associated with the driv-
ing cycle used, the type and age of the engine, and the lower
carbon content in biodiesel which results in power loss and
consequent higher fuel consumption.

From the human health point of view, reductions in parti-
cle emissions of EC and species such as PAHs, greatly reduces
the risks associated with exposure to diesel exhaust, mainly for
agricultural workers. Since in the past 50 years there has been
a dramatic increase in agricultural tractor use (Federico 2005),
operating agricultural tractors with biodiesel blends would sig-
nificantly decrease this risk.

In summary, the results of this study may be the starting
point for developing useful tools for climate modelers and policy
makers concerned with the current and future use of fossil fuel
alternatives.
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