
ABSTRACT

In the past several decades, biofuels have emerged
as candidates to help mitigate the issues of global
warming, fossil fuel depletion and, in some cases,
atmospheric pollution. To date, the only biofuels
that have achieved any significant penetration in
the global transportation sector are ethanol and
biodiesel. The global consumption of biodiesel was
rapidly increased from 2005. The goal of this study
was to examine the chemical composition on parti-
culate pollutant emissions from a diesel engine oper-
ating on several different biodiesels. Tests were
performed on non-road diesel engine. Experiments
were performed on 5 different fuel blends at 2 dif-
ferent engine loading conditions (50% and 75%). 5
different fuel blends were ultra-low sulfur diesel
(ULSD, 100%), soy biodiesel (Blend 20% and Blend
100%) and canola biodiesel (Blend 20% and Blend
100%). The chemical properties of particulate pol-
lutants were characterized using an Aerodyne High
Resolution Time of Flight Aerosol Mass Spectro-
meter (HR-ToF-AMS). Organic matter and nitrate
were generally the most abundant aerosol compo-
nents and exhibited maximum concentration of 1207
μg/m3 and 30 μg/m3, respectively. On average, the
oxidized fragment families (CxHyO1

+, and CxHyOz
+)

account for ~13% of the three family sum, while
~87% comes from the CxHy

+ family. The two peaks
of C2H3O2 (m/z 59.01) and C3H7O (m/z 59.04) loca-
ted at approximately m/z 59 could be used to iden-
tify atmospheric particulate matter directly to bio-
diesel exhaust, as distinguished from that created
by petroleum diesel in the AMS data.

Key words: Biodiesel, Aerosol mass spectrometer,
Particulate emission, Aerosol oxidation, Marker

1. INTRODUCTION

The global consumption of natural resources (e.g.
fossil fuels) is directly proportional to the global pop-
ulation and the gross domestic product per capita.
With today’s sustained levels of population growth,
along with unprecedented economic growth among
developing economies, the depletion of fossil fuels
promises to be a civilization-scale challenge that will
be faced by the human race at some point in the not
too distant future. In fact, current estimates predict
that the world oil supply could be depleted within the
next fifty years, with some models predicting a much
sooner date (Appenzeller, 2004). In the transportation
sector, 97% of all energy consumption is derived from
the combustion of liquid, petroleum-based fossil fuels
(Chapman, 2007). Liquid biofuels, which are derived
from renewable resources such as plants and animal
byproducts, have the potential to reduce the rate of
fossil fuel depletion. Our need to find an alternative
to petroleum is not only driven by diminishing supply
and increasing demand, but also with the intention of
reducing the environmental effects caused by com-
bustion of petroleum products. The pollutants pro-
duced by the transportation sector contribute to smog,
ground level ozone and a variety of negative health
effects. The 5th Report by the Intergovernmental Panel
on Climate Change (IPCC) concluded that global
warming is occurring and that CO2 emissions from
the combustion of fossil fuels are largely responsible.

In the past several decades, biofuels have emerged
as candidates to help mitigate the issues of global
warming, fossil fuel depletion and, in some cases,
atmospheric pollution. To date, the only biofuels that
have achieved any significant penetration in the glo-
bal transportation sector are ethanol and biodiesel.
However, ethanol, made through the fermentation of
starch, and biodiesel, the product of transesterifing
triglycerides, are not the only fuels that can be created
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from renewable sources. The same technology used
to convert crude petroleum into jet fuel, diesel, and
gasoline can be used on biomass or plant oil (U.S.
Department of Energy, 2009). The thermal or catalytic
cracking process can be used on triglycerides to re-
move oxygen and break down the hydrocarbon chains
to the lengths required to make renewable diesel, re-
newable jet fuel, and renewable alcohols. The pro-
duction of biodiesel in the U.S. in 2008 was roughly
0.7 billion gallons, which is well below the produc-
tion capacity in the U.S. of 2.7 billion gallons. How-
ever, the production of the biodiesel was rapidly in-
creased from 2005 (National Biodiesel Board, 2009)
and also the global consumption of biodiesel was con-
tinually increased.

Biodiesel from vegetable oil is considered nearly
carbon neutral, as the plants take in nearly the same
amount of CO2 during growth as that which is expel-
led during the combustion of the oil they produce
(Sheehan et al., 1998). When biodiesel is burned in a
diesel engine, many combustion products, such as
carbon monoxide (CO) and total hydrocarbons (THC),
are reduced (Demirbas, 2007; USEPA, 2002). Feed-
stock for biodiesel, such as soybeans and canola, can
be grown domestically so increasing our use of bio-
diesel would help reduce our dependence on foreign
oil and create domestic jobs. While most of the emis-
sions are improved with biodiesel, nitrogen oxides
(NOx) have generally been shown to increase with
biodiesel. NOx are a regulated emission in the vehi-
cles because they contribute to photochemical smog,
acid rain and ground level ozone. Many authors have
indicated that the usage of biodiesel decreases the
emissions of HC, CO and PM and the improvements
are mainly due to the higher oxygen content of the
fuels compared to diesel fuel (Gordon et al., 2014; Di
et al., 2009; Karavalakis et al., 2009; Lapuerta et al.,
2008; Mayer et al., 2005). A reduction in the organic
aerosol emissions was also observed with 10% bio-
diesel blend and with 30% biodiesel blend as reduced
by 22% and 21% than Diesel (Chirico et al., 2014). In
case of PAH, its molecular weight distribution is not
significantly affected by the fuel composition, and that
sulfates are reduced by increased biodiesel content.
Octanedioic acid (a carbonyl species) is increased
with increased biodiesel concentration (Dutcher et al.,
2011). However, recent studies revealed an increase
in particle number emission in the nucleation mode
when biodiesel blends were used but the very low sul-
fur content of biodiesel fuels can also be an explana-
tion for the decrease in nanoparticle concentrations
(Lapuerta et al., 2008; Aakko et al., 2002; Kittelson
et al., 1998).

In general, most of studies have focused on the par-

ticle size distribution and/or number concentration
from biodiesel (Young et al., 2012; Zhu et al., 2010;
Heikkilä et al., 2009; De Filippo et al., 2008; Kittel-
son et al., 2006; Bagley et al., 1998). The chemical
properties of particulate pollutants from biodiesel
could have adverse health consequences since smal-
ler particles can be inhaled deeper into the lungs (Kit-
telson, 1998) and it is the organic matter on the par-
ticles that has been linked to many of the health ef-
fects that have been associated with diesel exhaust
such as cancer, respiratory ailments and heart disease
(Gaffney and Marley, 2009). Despite all the potential
benefits of biodiesel, significant improvements must
be made if widespread use is ever to be achieved. In
this study, we were to examine the general chemical
composition including the status of oxidation on par-
ticulate pollutant emissions from a diesel engine oper-
ating on biodiesel and obtained mass spectra from
regular petroleum-based diesel and two types of bio-
diesel under controlled conditions.

2. INSTRUMENTATION

The Aerodyne High-Resolution Time-of-Flight
Aerosol Mass Spectrometer (Hereafter AMS) con-
tains a high-resolution time-of-flight mass spectro-
meter that can characterize the elemental composition
of the organic carbon content of the particulate matter.
The specific chemical breakdown of the exhaust pro-
ducts provides more insight on the health and envi-
ronmental effects due to the combustion of different
fuels. The exhaust sample from the dilution tunnel
passes through a PM2.5 cyclone (3 LPM, URG-2000-
30ED) and a critical orifice, restricting the flow to 0.1
LPM, before entering the AMS. Perma Pure dryers
(MD-110-24) were used to control sample humidity
(⁄40% RH), reducing uncertainties due to bounce-
related changes in collection efficiency and reduced
particle transmission through the aerodynamic lens.
The exhaust air enters the AMS through a critical ori-
fice (1 μm size cut) into an aerodynamic lens, creat-
ing a narrow particle beam. The particles are accel-
erated in the supersonic expansion of gas molecules
into vacuum at the end of the aerodynamic lens. Par-
ticle packets are selected by chopper for separation as
a function of size in the PToF region. Non-refractory
particles are vaporized, and the fragments are then
ionized (E) and sent through the ToF-MS region uti-
lizing either the V flight path. The ion flight time to
the detector corresponds to a specific mass-to-charge
ratio, m/z. The operation of the Aerodyne HR-ToF-
AMS has been described in detail elsewhere (e.g. De-
Carlo et al., 2006; Drewnick et al., 2005; Jimenez et
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al., 2003; Jayne et al., 2000).
The AMS was calibrated for nitrate ionization effi-

ciency (IE) through introduction of 350 nm ammo-
nium nitrate particles (typical value IENO3~1.53e-07
ions/molecule). Relative ionization efficiencies (RIEs)
for other aerosol types were taken from published
values (note that RIE of NH4 of 4.5 was measured
during nitrate ionization efficiency). The timeline of
Composition-Dependent collection efficiency (CDCE)
was calculated based on AMS chemical composition
and experiments under low humidity conditions and
was used for the AMS quantitative analysis (Middle-
brook, 2011). The default value of 370 ppm of CO2

was used to correct our data for any potential inter-
ference with the signal at m/z 44 (CO2

++) in the AMS
(Note that AMS sampled particulate pollutants from
40 : 1 dilution chamber and the concentration of CO2

in chamber was slightly higher than typical ambient
mixing ratio of ~370 ppm. We found that the interfer-
ence by the doubled CO2 concentration is positively
biased less than 0.2% of our reported organic concen-
tration). The AMS samples particles roughly 106 times
more efficiently than the gas-phase.

Primary data processing will be started with inte-
grating the results of all calibrations, logged events,
and background data (air beam, etc.) with raw data to
produce the initial unit mass resolution (UMR) data;
m/z calibrations, baseline signal, and single ion signal
areas are also verified. Primary data processing uses
the SQUIRREL program (v1.56) in Igor Pro 6 (Wave-

metrics, Lake Oswego, OR), and products include
species timelines, average diurnal variations, and the
spectra that comprise the PMF input. The secondary
data processing addresses error in high-resolution
peak shape and assigns fragments to species families
using the Igor-based PIKA program (v1.15). High-
resolution mass spectrometry allows discernment bet-
ween fragments that share the same UMR bin as des-
cribed earlier.

Tests were performed on non-road diesel engine
without diesel particulate filter (DPF) using 5 differ-
ent fuel blends (ultra-low sulfur diesel (ULSD, 100%),
soy biodiesel (Blend 20% and Blend 100%) and canola
biodiesel (Blend 20% and Blend 100%)) at 2 different
engine loading conditions (50% and 75%). In order to
better simulate tailpipe exhaust and allow time for the
complex agglomerates of carbon particles to grow
into particulate matter as they naturally would, all the
particulate measurements are taken after the exhaust
passes through a dilution tunnel. The dilution tunnel
mixes the exhaust with clean ambient air and includes
a residence chamber that allows the particles to age.

A heated sample line, set at 150�C, delivers the
exhaust sample to the dilution tunnel and prevents the
gases from condensing. A Venturi flow meter, also
heated to 150�C, is used to measure the flow rate of
sample exhaust air entering the dilution tunnel by
relating the pressure drop across an orifice to volume-
tric flow. The dilution air is first cleaned by a HEPA
filter, followed by an activated charcoal filter to en-
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Fig. 1. Schematic diagram of dilution tunnel (adapted from Bennett et al., 2008).
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sure that the dilution air is free of particles that may
be present in the ambient air. A turbine flow meter is
used to measure the flow rate of clean dilution air
(dilution ratio of 40 : 1) (Fig. 1).

For the present study, at the higher loads, the turbo-
charger produces a higher pressure resulting in in-
creased sample flow rate thereby decreasing the dilu-
tion ratio. To keep the dilution ratio constant at 40 : 1
for both engine loads (50% and 75%), the ball valve
was closed slightly at the lower load. A pump was
used to discharge air and exhaust from the residence
chamber to control the residence time in the tunnel.
For tests reported in this thesis, a valve and rotameter
combination were set to allow 200 scfm (standard cu-
bic feet per minute) of air and exhaust out of the tun-
nel. All of the particulate measurements were taken
from the bottom of the residence chamber so that the
dilution and aging of the particles would be complete
before sampling. In this study, 5 minute time resolu-
tion will be used for determining non-refractory fine
particle composition, including concentrations of nit-
rate, sulfate, and organic carbon.

3. RESULTS AND DISCUSSION

The AMS provides detailed information about the
chemical composition of the particulate matter, with
the exception of the elemental carbon. The volatile
and semi-volatile particulates are ionized and frag-
mented before entering the mass spectrometer and the
pieces of the original molecules are identified based
on their mass-to-charge ratios. The results can be bro-
ken down in varying degrees of precision. All of the
ions measured for each fuel can be broken down into
organic and inorganic components. The inorganic
content can be divided into sulfate, nitrate, and ammo-
nium. Each of these categories can be segregated fur-
ther into the individual molecule fragments. The AMS
is also capable of measuring the particulate size dis-
tribution but the range of sizes detectable by the AMS,
from 40 nm to 1 μm. Figs. 2 and 3 show the AMS
results, divided into organic and inorganic particles
depends on loading percent. Fig. 3 shows the break-
down of inorganic content between nitrate, sulfate
and ammonium depends on loading percent.

Characterization of Particulate Emissions from Biodiesel 81

Fig. 2. Concentrations of organic carbon and inorganic for each fuel at (a) 50% load and (b) 75% load.

Fig. 3. Concentrations of inorganic aerosol components (ammonium, sulfate, and nitrate) at (a) 50% load and (b) 75% load.



At 50% load, the concentration of total mass emis-
sion ranged from ~750 to ~1250 μg/m3 (Fig. 2(a)).
Ultra-low sulfur diesel (ULSD) produces the least
organics, followed by the Canola and Soy 20% blends.
Of the 100% blends, Soy 100% blend produces the
lowest amount of organics, while Canola 100% blend
is the highest organics producers of the 100% blends.
Similar trends are seen at the higher load (75% load)
as shown in Fig. 2(b). Relative to the organic carbon
content of the exhaust, the inorganic species make up
a relatively small fraction of the volatile and semi-
volatile exhaust products. For both 50% and 75%
loads, ULSD and Soy B100 were the lowest produc-
ers of inorganic species, 3.8% (3.9% for 75% load)
and 2.9% (3.3% for 75% load), respectively, and
Canola B100 is the highest (4.4% and 5.8% for 50%
and 75% loads, respectively) (not shown in this paper).
Nitrate was generally the most abundant component
in inorganic aerosol and ranged from 14.6 to 30.2
μg/m3 as shown in Fig. 3. The nitrates produced by
Canola 100% blend are significantly higher than for
the other fuels for both 50% and 75% loads, making
it the largest source for total inorganic species (more
than 50% of total inorganic aerosol).

A main advantage of the HR-ToF-AMS data is the
separate quantification of different ions with the same
nominal mass, enabling precise characterization of
the elemental composition of each ion (e.g. CxHy

++,
CxHyO1

++, and CxHyOz
++). This enhanced information

is useful for understanding the overall chemical char-
acteristics of ambient organic aerosols and their evol-
ution in the atmosphere. Fig. 4 depicts the contribu-
tion of three ion categories (CxHy

++, CxHyO1
++, and

CxHyOz
++) of interest in organic aerosol (OA). Relative

abundances of these fragments help describe the over-
all degree of OA oxidation. On average, the oxidized
fragment families (CxHyO1

++, and CxHyOz
++) accounts

for ~13% of the three family sum, while ~87% comes
from the CxHy

++ family. It should be noted that the
increase of CxHyO1

++, and CxHyOz
++ families is often

associated with a decrease of the CxHy
++ family. This

is important implications that OA mass is potentially
increased a transformation processes from CxHy

++ fam-
ily to CxHyOz

++ family by oxidation in ambient.
Looking at individual molecular fragments from as

identified by the AMS can identify content in the
exhaust that differs significantly between ULSD and
the biodiesel blends. Fig. 5 shows typical mass spec-
trum of ULSD and biodiesel obtained AMS. One
such molecular fragment, as identified by the mass to
charge ratio, is shown below in Fig. 6. Specifically,
the two peaks of C2H3O2 (m/z 59.01) and C3H7O (m/z
59.04) located at approximately m/z 59 are notable
because the diesel exhaust (as signified by the red line

in Fig. 6) produces significantly less of this molecular
fragment in comparison with all of the methyl esters.
This result has the potential to be of use for atmos-
pheric scientists as a way of uniquely identifying the
source of atmospheric particulate matter. Specifically,
if diesel particulate matter contains little or no oxyge-
nated hydrocarbon molecular fragments at 59.01 (Fig.
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Fig. 4. Contributions of organic aerosol components to three
ion categories depends on load ((a) CxHy, (b) CxHyO, (c)
CxHyOz).



6), then it may be possible to distinguish primary
atmospheric diesel particulate matter from other sour-
ces such as biomass burning, or secondary organic
aerosols. Part of the difficulty of using the AMS is
taking a precise mass-to-charge ratio and making an
educated guess as to what combination of atoms result
in that mass. One likely combination that could pro-
duce the exact mass of these peaks is C2H3O2 (59.01).
All methyl ester molecules have a C(==O)OCH3 group
at one end (Fig. 7), so it is reasonable to expect that if
any unburned fuel is present in the particulate matter
in methyl ester exhaust that this fragment would be
present in the AMS data.

The set of curves shown in Fig. 6 is a compilation
of results from ULSD and the 20% biodiesel blends

at 75% load. The other blends and loads show similar
results. As mentioned above, these peaks could be
used to identify atmospheric particulate matter direct-
ly to biodiesel exhaust, as distinguished from that
created by petroleum diesel. Recent results suggest,
however, that other types of biomass burning also
produce the C2H3O2 fragment (Lee et al., 2010). How-
ever, the fact that petroleum diesel combustion does
not produce this peak may still be a useful result.

4. CONCLUSIONS

Organics and nitrate were the dominant species in
PM1 with smaller contributions from ammonium and
sulfate. Similar trends of chemical composition of
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Fig. 5. Typical mass spectrum of biodiesel obtained by AMS.
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PM1 are observed in both 50% and 75% loads of en-
gine. Specific finding are detailed below.
- ULSD (ultra-low sulfur diesel) produces the lowest

organic aerosols compared to the biodiesel. The
concentration of organics on aerosols from Canola
100% was higher than that from Soy 100%.
- Inorganic species from ULSD and Soy B100 were

the lowest concentration, but Canola B100 was
remarkably the highest at both 50% and 75% loads,
especially nitrate which is 2 times higher than
ULSD.
- CxHy

++ family occupied dominant portion (~87%)
among the fragment family, and the rest portion was
shared with oxidized fragment families (~8% for
CxHyO1

++ and ~5% for CxHyOz
++). It is important

results from mass perspective that OA mass is pot-
entially increased a transformation processes from
CxHy

++ family to CxHyOz
++ family by oxidation in

ambient.
- The ratio of two peaks of C2H3O2 (m/z 59.01) and

C3H7O (m/z 59.04) located at approximately m/z 59
are notable between diesel and biodiesel. This result
has the potential to be of use for atmospheric scien-
tists as a way of uniquely identifying the source of
atmospheric particulate matter.
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