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Chapter 1: Introduction 

1.1 Motivation 
 

A spherical 100 nm particle of unit density has a mass of 4.2 X 10-6 nanograms.  Yet, an 

Aerosol Time of Flight Mass Spectrometer (ATOFMS) can detect multiple chemical species 

within such a particle.  This fact, by itself, is an astounding feat of analytical chemistry, 

engineering and machining. 

 

Bio-fuels or fuels derived from agricultural sources have experienced cyclical resurgences in 

vehicular use.  While both spark ignition (gasoline) engines and diesel engines started out 

using bio-fuels they have alternated between periods of nearly exclusive petroleum based 

fuel use and bio-fuel use.  Currently bio-fuels are being promoted for use due to their 

agricultural origins and reputation for decreasing emitted particulate mass concentration.   

 

However, while bio-fuels are known to reduce particle mass concentrations from engines 

there is very little information about how the use of these fuels affects the composition of 

the emitted particles.  The composition and size of a particle will determine its effects in the 

human health and global climate realms, so this information is actually quite important.   

 

The Aerosol Time-of-Flight Mass Spectrometer (ATOFMS) is well suited to investigate the 

question of how different concentrations of bio-fuels (ethanol for spark ignition and soy-

based biodiesel for diesel engines) affect the composition and other properties of the emitted 

particles.  However, the ATOFMS is even more powerful when coupled with other 
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instrumentation, allowing tandem measurements of multiple particle properties. Such 

measurements are also explored in this work.   

 

1.2  The ATOFMS 
 
All experimental work presented in this dissertation utilize one or more ATOFMSs 

sometimes in combination with other instrumentation.  Although many readers are likely to 

be familiar with the ATOFMS, a short primer is provided here for the benefit of those who 

are not as familiar with the ATOFMS’ design and function or limitations. 

 

1.2.1 ATOFMS: Design and Function 

 

The ATOFMS (Gard et al. 1997; Noble and Prather 2000; Prather, Nordmeyer, and Salt 

1994) has three distinct sections that together allow single particles to be sampled, sized and 

analyzed for composition. 

  

Early ATOFMSs were equipped with nozzle inlets which have poor transmission efficiencies 

for sub 500 nm aerodynamic particles.  In order to investigate the composition of these 

smaller particles, I retrofitted the ATOFMS with an aerodynamic lens inlet (Liu et al. 1995a; 

Liu et al. 1995b), and this inlet was used for the measurements discussed in this work.  The 

aerodynamic lens (Figure 1a) is the first section that a single particle being analyzed would 

encounter.  The function of an aerodynamic lens is to collimate or focus particles of a 

particular size range (optimized for ~50-500 nm for the work presented here) into a narrow 
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beam.  Sampled aerosol flows through an orifice at the inlet to aerodynamic lens, which 

reduces the pressure from atmospheric to 2 torr.  The particle then passes through a series 

of several lenses (thin plate orifices centered on the axis of the flow) of decreasing inner 

diameter, which cause the carrier gas to repeatedly converge and diverge.  Due to their 

inertia, particles of the appropriate sizes are transported towards the centerline of the flow 

forming a focused, collimated beam. Due to flow symmetry, particles that are transported to 

the centerline remain there.  A final accelerating nozzle (Figure 1a) causes particles to be 

accelerated to a terminal velocity that depends on their vacuum aerodynamic size. 

  

The particles then pass through a skimmer which serves to further reduce pressure to     

~10-5 torr and into the sizing chamber (Figure 1b).  The sizing chamber contains two 

ellipsoidal mirrors positioned 5 cm away from each other. The mirrors have a 

photomultiplier tube mounted at the second ellipsoid focal point and a 532 nm laser beam 

crossing the particle beam at the first ellipsoid focal point. When a particle crosses the laser 

beam a light scattering event occurs which is caught by the mirror and focused on the 

PMT.  The PMT generates an electrical signal which starts a timing circuit.  When the 

particle interacts with the second optical unit the electrical signal is used to stop the timing 

circuit.  A particle velocity can be calculated from the combination of the static distance 

between the optical units and the time it took the particle to traverse this distance. This 

velocity is a function of the vacuum aerodynamic size of the particle and is also used to 

predict when the particle will arrive at the focal point of the larger desorption/ionization 

laser in the next section of the instrument. 
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The particle then continues its trajectory through a narrow, cylindrical tube (i.e. the “straw”) 

and into the desorbtion/ionization region (Figure 1c).  The pressure in this region of the 

ATOFMS is further reduced to ~10-8 torr.  At these very low pressures there are few 

interactions between the particle and the carrier gas.  Thus at the distances relevant to this 

work the particle velocities are quite constant. A 266 nm UV laser is pulsed at the moment 

that the particle should be at the laser’s focal point based on the particle’s velocity as 

determined in the sizing region.  The particle or a portion of the particle is vaporized and 

ionized by the interaction of the laser and the chemical components of the particle.  

  

This desorption and ionization step occurs between two plates (with small holes in the 

center) that are charged and of opposite polarities.  Thus the ionized fragments of the 

particle are accelerated in different directions based on their polarities.  Different 

components acquire different polarities based on their electronegativity.  Once the ions are 

accelerated through the holes in the plates they are accelerated towards charged plates at the 

end of ~1 meter drift tubes at which point reflectrons are used to reflect the ions back 

towards the center of the chamber at their original velocity.  Reflection effectively doubles 

the length of the drift tubes without creating an instrument too large for transport.  The 

velocity of each ion depends on its mass-to-charge ratio.  Smaller, more mobile ions 

accelerate to larger velocities while larger ions are more difficult to accelerate. The time 

required for the ions to travel down the drift tubes and back to the microchannel plate ion 

detectors mounted directly behind each of the initial accelerating plates varies with the 

square root of its mass-to-charge ratio. This step allows a dual polarity mass spectrum to be 

created from each detected particle.  The interpretation of this mass spectrum is simplified as 



5 
 

 

compared to some techniques as the laser fluences used for the desorption/ionization step 

are insufficient to create significant multiply charge ions.  Thus the “charge” in the mass-to-

charge ratio is reliably ±1. 

  

 

 

 

 

 

 

 

 



 

Figure 1 a-c: Schematic of the three sections of the ATOFMS.  
aerodynamic lens inlet first fit to a commercial ATOFMS for this work.  
the sizing section of the instrument.  
spectrometry section. 

 

a) 

c) 

 

 

 

Schematic of the three sections of the ATOFMS.  Figure
aerodynamic lens inlet first fit to a commercial ATOFMS for this work.  
the sizing section of the instrument.  Figure 1c shows the desorption/ionization and mass 

 

b) 
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Figure 1a shows the 

aerodynamic lens inlet first fit to a commercial ATOFMS for this work.  Figure 1b shows 
1c shows the desorption/ionization and mass 
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1.2.2 ATOFMS Limitations 

 
No analytical technique is without limitations and the ATOFMS is not an 

exception.  Excessive particle concentration, in which the same particle does not trigger both 

optical timing signals, creates false particle velocities and low particle hit rates.  Particle hit 

rate is defined as the ratio of the number of particles for which a mass spectrum is obtained 

to the number of particles sized.  Thus it is essential to continually monitor and adjust 

particle concentrations as necessary to optimize hit rates. 

  

The range of particle sizes that can be analyzed using this instrument is inherently limited by 

the optical detection step.  The amount of light scattered by a particle is a strong function of 

particle size in the Rayleigh and Mie scattering regimes.  Additionally a particle’s composition 

and shape affects the amount of light that it scatters.  Insufficient light scattered will not 

trigger the timing circuit rendering that particle invisible to the ATOFMS.  Thus the lower 

vacuum aerodynamic size cut-off of the instrument is operationally defined and not static 

across different aerosol populations. 

  

Just as the amount of light scattered by a particle depends on its composition, the amount of 

energy absorbed by a particle when it interacts with the desorption/ionization laser is 

affected in a variety of ways by the composition of the particle.  Most directly, chemical 

species have different absorption spectra.  So at 266 nm (the wavelength of the laser utilized 

in the desorption/ionization process) one chemical may absorb generously while another 

absorbs only modestly.  No spectrum may be obtained from a poorly absorbing particle 

while the better absorbing particle may appear over-represented. Atmospheric aerosol 
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particles are rarely composed of one individual chemical species.  A particle’s mixing state 

also affects both the likelihood of a mass spectrum being obtained but also affects the 

spectra that are obtained. This phenomenon is known as a matrix effect.  The result is that it 

is not possible to calibrate mass versus signal intensity for a particular chemical species if the 

particle composition is not relatively constant.   

 

1.3 Structure of Thesis 
 
This thesis contains three main research chapters, each dealing with a separate research issue.   

The first research chapter, Chapter 2, addresses measurements involving the use of the 

ATOFMS in tandem with other analytical methods to explore more detailed particle 

properties. Instrumentation utilized includes the ATOFMS, DMA, TDMA systems, and 

APMs.  Most of the material in this chapter is adapted and consolidated from previously 

published articles and work which I authored or co-authored.  These works include Dutcher 

(2004); Park et al. (2008), and Shapiro et al. (2011). 

 

The next chapters, chapters three and four, examine the physicochemical properties of 

particles emitted from a spark-ignition and a compression-ignition engine as a function of 

bio-fuel content in fuel blends. These works are also presented in Dutcher et al. (2011) and 

Dutcher et al. (2011).  Ethanol is used as the bio-fuel in chapter three while soy based 

biodiesel is examined in chapter four. Instrumentation utilized includes two ATOFMSs, two 

SMPSs, an aethalometer, a PAS, and filter techniques.  This work is of particular relevance at 

this time as changes to policies and laws regarding permissible and required levels of ethanol 
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in gasoline sold for motor vehicles are being considered at both the federal level and in 

several states.   

 

Additional work in which I made smaller contributions during the course of my graduate 

education can be found in Yook et al. (2007), Pagels et al. (2007), Wang et al. (2010) and 

Shapiro et al. (2011 (in press)). 

 

 1.4 Acronyms in Thesis 
 
AMP-MS Ambient pressure Proton transfer Mass Spectrometer 

AMS Aerosol Mass Spectrometry 

ANARChE Aerosol Nucleation and Real-time Chemistry Experiment 

APM Aerosol Particle Mass monitor 

ATOFMS Aerosol Time-of-Flight Mass Spectrometer 

BC Black Carbon 

CAFE Corporate Average Fuel Economy 

CI Compression Ignition 

CPC Condensation Particle Counter 

DMA Differential Mobility Analyzer 

DOHC Dual Over Head Cam 

DOS Dioctyl Sebacate 

EC Elemental Carbon 

EGR Exhaust Gas Recirculation 

ENCHILADA Environmental Chemistry through Intelligent Atmospheric Data Analysis 

FWHM Full Width at Half Maximum 

HTDMA Hygroscopic Tandem Differential Mobility Analyzer 

LPM Liters per Minute 
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LV Less Volatile 

m/z 

MEK 

mass-to-charge ratio 

Methyl Ethyl Ketone 

MCA/PHA Multichannel Analysis/Pulse Height Analysis 

MV More Volatile 

n-DMA Nano-Differential Mobility Analyzer 

NIST National Institute of Standards and Technology 

nPAH nitro-Polycyclic Aromatic Hydrocarbon 

OC Organic Carbon 

OPC Optical Particle Counter 

PAH Polycyclic Aromatic Hydrocarbon 

PAS Photoelectric Aerosol Sensor 

PMT Photo-Multiplier Tube 

PSL Polystyrene Latex 

R-DMA Regular (long-column) Differential Mobility Analyzer 

RME Rapeseed Methyl Ester 

RPM Rotations per Minute 

RTDMA Reaction Tandem Differential Mobility Analyzer 

SEARCH Southeastern Aerosol Research and Characterization study  

SI Spark Ignition 

SMPS Scanning Mobility Particle Sizer 

SOS Southern Oxidants Study 

SPLAT MS Single Particle Laser Ablation Time-of-Flight Mass Spectrometer 

SPMS Single Particle Mass Spectrometry 

STEM Scanning Transmission Electron Microscopy 

TDMA Tandem Differential Mobility Analyzer 

UV Ultra-Violet 

VTDMA Volatility Tandem Differential Mobility Analyzer 

ZDDPS Zinc Dianlkyldithiophosphates 
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Chapter 2: Tandem Analytical Techniques involving ATOFMS 

 Introduction/Motivation 

The physicochemical properties of aerosol particles are complex.  They are often irregular in 

shape, and can contain complex mixtures of liquids and solids. By measuring multiple 

properties of a particle, it is possible to describe it more completely than is possible if only 

one property is evaluated. This concept is the principle behind the theme of this chapter: 

tandem aerosol measurements. The Aerosol Time-of-Flight Mass Spectrometer carries out 

tandem measurements of a particle’s vacuum aerodynamic diameter and its composition. I 

describe here the use of the ATOFMS in series with instruments that measure other 

properties so as to provide still more information. These additional properties include 

particle mobility, mass, and “brightness” (i.e., the amount of light that it scatters when 

illuminated by a laser).  In addition, we show that when the ATOFMS is used downstream 

of tandem differential mobility analyzer systems (TDMA), new information can be gained 

about species that affect a particle’s hygroscopicity (HTDMA) or volatility (VTDMA).  

These novel instrument combinations yield information regarding the dependence of particle 

effective density, volatility, and hygroscopicity on particle composition. Additional 

information is presented about the relationship between particle mobility size and vacuum 

aerodynamic size for assorted particle types and about the unanticipated difficulties that I 

encountered when using the ATOFMS for tandem measurements.  I discovered that the 

rotating seals in the aerosol particle mass analyzer (APM) contain compounds that volatilize 

and react with acidic particles.  The ATOFMS is exceedingly sensitive to these reaction 

products, so much so that it is not possible to obtain meaningful information about the 
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composition of the particles under investigation. This sensitivity may provide a sensitive 

means, however, to assess the particle acidity.  

 

2.1 ATOFMS – PHA: Tandem Measurements of Particle “Brightness” 
and Composition 
 

While the ATOFMS inherently measures a particle’s composition and vacuum aerodynamic 

size, it also produces the information required to measure a particle’s optical size as a by-

product of the sizing measurements.  In its current commercial configuration the signal 

related to the optical size measurements is not recorded.  However, the lasers and collection 

optics used to create the pulse that triggers the timing circuit in the ATOFMS functionally 

resemble those in an optical particle counter, in which a particle’s optical size is determined 

from the magnitude of the scattered light pulse. Therefore, such information could be 

obtained. 

 

Inherent in a particle’s optical size are assumptions about its shape and refractive index 

(Hinds 1999) that may or may not be accurate.  Thus, it can be more justifiable to discuss a 

particle’s “brightness” rather than an optical size.  Monodisperse particles with different 

compositions or structures will scatter different quantities of light as a function of their 

shape and real and imaginary refractive indices.  A particle that scatters more light can be 

thought of as brighter than a nominally similar particle (i.e., of the same mobility size) that 

scatters less light. 
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Though I was not the first to attempt to capture pulse height information from the 

ATOFMS (Salt, Noble, and Prather 1996), I was the first to do so successfully. Only a brief 

description of the experimental set-up and theoretical basis for these measurements are 

provided here.  The interested reader can find additional details in Dutcher (2004).  Figure 

2-1 shows the experimental configuration and signal processing that was used to collect and 

analyze the pulse height signals from aerodynamic lens equipped ATOFMS.  Figure 2-2 

shows the pulse height analysis for DOS particles of a progression of mobility sizes. Since 

DOS is a liquid these particles are spheres of uniform composition, eliminating shape factor 

complications. Figure 2-2 illustrates that the pulse heights are physically meaningful which is 

in contrast to earlier reports.  Salt et al (1996) used an ATOFMS equipped with a nozzle inlet 

rather than an aerodynamic lens inlet.  Thus the particles may not have been subject to equal 

laser illumination due to variations within the laser beam and the wider particle path. 
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 Figure 2-1: Schematic of signal processing set-up (on top) and signal format (bottom) used 
to capture and analyze pulse height information from the existing optics on the commercial 
ATOFMS. 
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Figure 2-2: Pulse height distributions for DMA classified DOS particles with mobility 
diameters ranging from 178 nm to 397 nm.   
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Figure 2-3 shows the pulse height distributions for particles of identical mobility size 

(470 nm) but different compositions. While the particles all have the same mobility size, they 

have different refractive indices (and “brightnesses”). Soot is known to be fractal in structure 

and while dry crystalline ammonium sulfate particles are not spherical the ammonium sulfate 

particles used in our experiments are likely still wet and thus spherical.   

 

The current system software on the commercial ATOFMS does not allow the single particle 

vacuum aerodynamic diameters or composition to be associated with the individual pulse 

heights.  However researchers with more customizable instruments and software have been 

able to expand upon this research.  Moffet and Prather (2005) were able to associate optical 

particle sizes and composition measurements with their ATOFMS.  Although they have not 

been able to successfully apply their technique to ambient atmospheric samples they were 

able to separate laboratory generated aerosols based on their optical properties and show 

that adding optical size to the vacuum aerodynamic diameter and composition 

measurements will increase the potential discriminatory properties obtained.  Cross et al 

(2008) added an optical sizing module to Aerodyne’s AMS.  They used optical sizes in 

conjunction with the vacuum aerodynamic diameters to make an estimate of effective 

density.  They further show that their effective densities are in reasonable agreement (~10%) 

with densities derived from the chemical speciation. 
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Figure 2-3: Pulse height distributions from DMA classified ammonium sulfate, soot, PSL 
and DOS particles.  The particles all share a mobility size but due to differences in refractive 
index and/or shape they have very different optical properties or “brightnesses.” 
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2.2 DMA-ATOFMS: Tandem Measurements of Effective Density and 
Composition 
 
Density is an important aerosol property.  It is required for calculations such as the 

conversion of measured number distributions to mass distributions and can dictate some 

aerosol properties such as atmospheric lifetimes. Nevertheless, because there are few 

methodologies available to measure density, such data is still relatively rare. 

 

Independent measurements of mass and volume are typically used to determine the density 

of aerosol particles.  Because the methods used to measure mass and volume may include 

errors, or because they may lead to values that are inherently different from true values, the 

measurements of particle densities are often referred to as effective densities. Effective 

densities are defined as: 

ρeffective =
Particle Mass

Particle Volume         (1)
 

We restrict our discussion to in situ measurements and limitations of measurements of 

effective densities for particles as a function of size.  Effective densities that are estimated 

from total mass collected on filters and total volume obtained by integrating aerosol size 

distributions (e.g., (Hand and Kreidenweis 2002; Khlystov, Stanier, and Pandis 2004) ) are 

not discussed. 

 

Kelly and McMurry (1992) reviewed methods used to measure the effective density of 

aerosol particles and were among the first to use in situ tandem methods to measure the 

particle density.  That work involved tandem measurements of mobility measured with a 
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DMA and aerodynamic diameter measured with an impactor that operated at atmospheric 

pressure. Measurements were done with spherical particles of known composition produced 

in the laboratory. This method was later used by Stein et al. (1994) to measure the effective 

density of atmospheric particles. A variant of this approach, that involved the use of a low 

pressure impactor, was used by Hering and Stolzenburg (1995) to measure the density of 

spherical 10-40 nm dioctylsebacate and perfluorocarbon vacuum oil droplets, and of 3-

14 nm spark-generated silver and copper particles. The tandem measurements of mobility 

and mass with the DMA-APM method (McMurry et al. 2002) allowed for the clean 

separation of particles by mass, with fundamental measurements of mass to within 3-5%. 

Masses measured with the APM are true particle masses, irrespective of particle shape.  

Volumes are calculated from the mobility diameter, assuming that particles are spherical. 

Volumes obtained in this way are true volumes if particles are spherical and larger than about 

3 nm. However, for nonspherical particles these volumes exceed the true particle volume, so 

that the measured effective densities are less than the true material densities of the particles. 

These measurements allowed for the most accurate measurements of effective density that 

have been reported and allow measurement of effective densities for particles of different 

types (e.g., soot and sulfates) in externally mixed aerosols. 

 

The measurements of effective density reported in my thesis were done using methods that 

involve tandem measurements of mobility (dm) and vacuum aerodynamic diameters (dva). 

DeCarlo et al. (2004) introduced this approach and also reviewed earlier techniques used to 

measure particle effective densities.  In particular, they described the use of the aerodynamic 

sizing scheme used in Aerodyne’s Aerosol Mass Spectrometer (AMS) for measurement of 
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effective density. This approach is superior to the impactor methods mentioned above 

because it allows clean separation of particles of a given mobility size but having different 

aerodynamic sizes.  Slowik et al. (2004) discussed the measurements of effective density of 

soot produced in an O2-propane flame by tandem measurements using a DMA (Knutson 

and Whitby 1975) and an AMS (Jayne et al. 2000).   This effective density is: 

 

6/3
m

AMS

DMA

AMS
AMSMAeffectiveD

d

m

v

m

π
ρ ==−

       (2) 

 

The AMS does not measure particle mass directly.  Instead, it measures the particle “vacuum 

aerodynamic diameter,” dva. Vacuum aerodynamic diameters are determined from the 

velocities that particles achieve when accelerated through an orifice from a pressure of about 

2 torr into a vacuum (Jayne et al. 2000; Liu et al. 1995a; Liu et al. 1995b; Salt, Noble, and 

Prather 1996) and are therefore different from aerodynamic diameters measured at 

atmospheric pressure.  The velocity achieved by spheres of a given size will decrease with 

increasing density due to the higher inertia of the denser particles.  Also, because the 

aerodynamic drag on irregularly shaped particles of a given mass and volume equivalent 

diameter is greater than the aerodynamic drag on spherical particles of the same mass and 

volume, the velocity of the irregularly shaped particles would be greater than the velocity of 

the spherical particles. Slowick et al. (2004) showed that if the dynamic shape factor is 

assumed to be independent of pressure (i.e., is the same in the transition, continuum and 

free molecular transport regimes), then: 
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where C is the Cunningham slip correction factor at the pressure of the dm or dve 

measurement (Hinds 1999) and ρ0 is unit density. These equations provide an implicit 

relationship between the particle mass (mtrue), material density (ρtrue) and volume equivalent 

diameter (dve) and the measured particle properties dm and dva (i.e., two equations and three 

unknowns). Slowick et al. used the behavior of C(dve) in the free molecular and continuum 

limits to solve these equations for mAMS, thereby enabling estimates of ρeff DMA-AMS. These 

effective densities include uncertainties in both mass and volume and are therefore 

inherently less accurate than those measured with the DMA-APM method, which involves 

accurate and direct measurements of mass.  

 

A clear advantage of the approach described by Slowick et al. (2004) is that it allows 

simultaneous measurements of effective density and composition with the AMS.  This 

capability was used to study changes in both density and composition of particles formed by 

the condensation of oleic acid onto polystyrene latex cores (Katrib et al. 2004) and of 

secondary aerosols formed in chamber studies (Alfarra et al. 2006; Bahreini et al. 2005).  

 

In this work, I present a new tandem measurement approach suitable for use outside of 

carefully controlled laboratory environments for examining relationships among effective 

density (ρDMA-ATOFMS) and composition. The apparatus used for these measurements, which 

provides tandem measurements of mobility, vacuum aerodynamic diameter, and single 
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particle composition, is shown in Figure 2-4.  The data from this measurement system were 

merged to obtain information on the relationship between composition and effective 

density.   These measurements are analogous to those made by Slowick et al. (2004), though 

with a more direct measure of single particle composition.   

 

Zelenyuk et al. (2005) also made analogous measurements using the combination of a DMA 

and the proprietary Single Particle Laser Ablation Time-of-flight mass spectrometer 

(SPLAT) system for measuring vacuum aerodynamic size.  Though Zelenyuk and colleagues 

focused primarily on spherical particles of known compositions in laboratory settings they 

report being able to measure effective densities for nonspherical particles with a precision 

and accuracy of ±2.5 % over a significant range of effective densities.  They point out that 

the addition of effective density to atmospheric measurements of organic/sulfate particles, a 

common particle type, will help compensate for the difficulties inherent to single particle 

mass spectrometry in correctly measuring the organic:sulfate ratio on an individual particle 

basis.  Since the ATOFMS also measures dva, it is possible to make measurements analogous 

to Slowik or Zelenyuk’s using a robust DMA-ATOFMS system capable of operating in 

“real-world” conditions.   

 

Figure 2-4 illustrates the concept behind the tandem DMA-ATOFMS measurements of 

mobility size, vacuum aerodynamic diameter and composition.  Particles of a known mobility 

diameter are selected from a polydisperse aerosol with a DMA. These classified particles are 

sampled by the ATOFMS.  If the monomobile particles contain a mixture of particles with 

different vacuum aerodynamic diameters (e.g., typically dva soot agglomerates <<dva spherical oil droplets), then 
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the ATOFMS will detect peaks at those diameters. For example, Figure 2-4 shows peaks at 

two distinct values of vacuum aerodynamic diameter.  Because the ATOFMS measures the 

composition of each particle individually, mass spectra for each of the vacuum aerodynamic 

diameters are individually obtained.  

 

The instrumentation shown in Figure 2-4 was used to carry out tandem measurements of 

properties for diesel exhaust particles. A dynamometer-mounted Caterpillar C-12 engine was 

run at 25% load and a speed of 1800 RPM.  The Caterpillar C-12 is a 732 cubic-inch, 12-

valve, air-cooled, turbo powered engine. The exhaust from the engine was diluted at a ratio 

of 10:1 with an ejector-style dilutor operated within the parameters suggested by Abdul-

Khalek et al. (1999). The diluted exhaust was then classified by a long-column DMA run 

with a sheath flow of 3 LPM.  This sheath flow rate is lower than is typically used with 

DMAs of this design. A low flow rate was used to allow the selection of higher mobility sizes 

(up to 800 nm in this study).  Because the aerosol flow rate was 0.3 LPM, the DMA transfer 

function (i.e., the range of mobility sizes transmitted to the DMA exit) was broader than 

would be obtained with a higher sheath flow rate, but not so broad as to compromise the 

interpretation of the results.  The ATOFMS pulled a flow of 0.1 LPM and additional flow 

past the ATOFMS was maintained to assure particle transport.  The vacuum aerodynamic 

size distributions were then measured by the ATOFMS.   
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Figure 2-4: Schematic of instrumentation used for measurements along with examples 
of the type of separations and data obtained with these instruments.   



25 
 

 

Figure 2-5 and Figure 2-6 show the distribution functions with respect to vacuum 

aerodynamic diameter for particles with mobility diameters, dm, of 300, 400, 500 and 600 nm 

on both a linear and log scale.  These distributions are based only on particles for which 

mass spectra were obtained in order to reduce any errors due to coincidence counts.  The 

black curve in each figure corresponds to the total number distribution of particles detected 

optically and for which a mass spectrum was obtained.  Peak fitting algorithms 

(Wavemetrics, IGOR 6.12, Portland OR) were used to fit Gaussian peaks to the vacuum 

aerodynamic size distributions.  Though lognormal fitting is theoretically superior due to the 

zero limit, the Gaussian fits actually produced a better fit based on the residual counts.  As 

shown in Figure 2-6, the 300, 400, and 500 nm mobility sized vacuum aerodynamic 

distributions reveals three peaks while the 600 nm mobility sized vacuum aerodynamic 

distribution shows only two distinct peaks.  Several particles were detected near the vacuum 

aerodynamic diameter of 700 nm in the 600 nm mobility size distribution.  These likely 

indicate the presence of a peak at roughly 700 nm; however, the particle counts are not 

sufficient for curve fitting.  Despite the lack of parameterization these particles should not 

be dismissed.  As is discussed later in this section, the composition of particles in each peak 

was determined, and those measurements allowed us to identify each particle type.  
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Figure 2-5: Vacuum aerodynamic size distributions for the different mobility sizes. The 
particle types are color coded in the Figure: solid blue for elemental carbon, dotted blue for 
multiply charged elemental carbon, and red for lubricating oil. 
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Figure 2-6: The vacuum aerodynamic size distributions are shown here on a log scale to 
make the smaller lubricating oil peaks more visible.  Only particles in the shaded areas were 
included in the averages shown in Figure 2-7.  This was done to minimize any cross 
contamination in the first two peaks. Particles under the arrow were used for the third peak 
in the final distribution as no peak was reliably identified. 
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Figure 2-7a-c: Averaged relative mass spectra for the shaded areas shown in Figure 2-6.  
Like colors from Figure 2-6 are grouped together.  All peaks explicitly discussed in the text 
are marked with a dashed line. 

c) 
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While one might assume from the difference in vacuum aerodynamic diameters that the 

particles in the different peaks must have different compositions, it is possible to examine 

that question directly using the obtained mass spectra.  Though three peaks were identified, 

the aerodynamically smaller two peaks have significant aerodynamic overlap.  In order to be 

certain that only particles in a given peak are included in the averaged spectra, the averaged 

spectra shown in Figure 2-7 are only of the particles in the colored regions shown in Figure 

2-6.  For the smaller peak, only particles at or below the peak value were averaged to obtain 

the averaged mass spectrum.  For the second peak, only particles at or above the peak value 

were averaged to obtain the averaged mass spectrum.  Thus particles in the region of greatest 

overlap between the two peaks were not included in the averages.  Due to the lack of any 

interfering peak all the particles within the identified peak width were utilized to obtain the 

averaged spectra for the aerodynamically largest, third peak.  For the third particle type from 

the 600 nm mobility peak, all of the particles in the region where the peak would be expected 

were averaged.  This results in a very low particle count (n=9) but these data are still 

meaningful.  

 

In Figure 2-7a-c the averaged mass spectra from each analogous aerodynamic peak or 

particle type are presented together for ease of comparison.  Examination of these spectra 

together does confirm that the particles from each analogous aerodynamic peak have very 

similar compositions.  The smallest peaks (Figure 2-7a) reveal a very strong elemental carbon 

signature.  Elemental carbon typically has a polymeric structure with a repeating peak and 

gap structure often referred to as a picket fence structure by mass spectroscopists.  This 

structure is especially apparent in the negative spectra where the largest peaks occur at mass-
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to-charge ratios of Cn
- where n varies between 2 and 8 (m/z =-24, -36, -48, -60, -72, -84, and 

-96).  A slight peak at m/z =-97 (which only appears as a broadening of the C8
- (m/z =-96) 

peak) is also visible, which corresponds to a sulfate (HSO4
-) peak.  The positive spectra are 

also dominated by elemental carbon though peaks can also be seen at m/z =40 and 44.  

These peaks are from the two main isotopes of calcium. Snyder et al. (2009) showed that 

ATOFMSs are sensitive to calcium, so while these calcium peaks are of similar magnitude to 

the individual elemental carbon peaks in terms of signal intensity, they represent less 

material.  Based on the average mass spectra the smallest aerodynamic peak can be identified 

as an elemental carbon dominated peak.  The second particle type shown in Figure 2-7b 

(“Multiply Charged EC”) is qualitatively indistinguishable from particle type 1.   

 

The third particle type is qualitatively distinct from the other two particle types.  This particle 

type is composed dominantly of species associated with lubricating oil.  Sulfate is associated 

with diesel fuel and tends to accumulate in the lubricating oil (Carmichael et al. 1990).  It 

(HSO4
-) can be seen at m/z = -97.  A small phosphate peak (PO4

-) can be seen at m/z = -95, 

other phosphate fragments can be seen at m/z = -79 (PO3
-), and m/z =-63 (PO2

-).  

Phosphates are added to lubricating oil as zinc dialkylthiophosphates (ZDDPS) as an anti-

wear additive.  The associated elemental zinc can be found at m/z =64.  The peaks at m/z =-

62 and -46 are from nitrates and represent NO3
- and NO2

-, respectively.  Although species 

with NO2 groups, such as nitro-PAHs, can directly contribute NO2-, it is more commonly a 

fragment of a nitrate ion.  A large cluster of peaks is seen from m/z =-27 to -24.  Negative 

27 is aluminum/C2H3
-, -26 is CN-/C2H2

-, -25 is C2H
-, -24 is C2-.  The fragment patterns 

suggest that Al- and CN- are more likely identities than the hydrocarbon species at m/z =-27 
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and -26.  The positive spectra shows a number of metals including Ca+ at 40 and the primary 

isotope at 44, CaO and CaOH are also apparent at m/z =56 and 57.  Calcium is intentionally 

added to lubricating oil by manufacturers as an anti-wear additive.  Fe+ is also present at 

m/z = 56 while its oxide is present at m/z =72.  C6
+ is also present at m/z =72 which can 

complicate the identification.  The slightly increased intensity as compared to C5
+ suggests 

that the FeO is also present.  All of these species are consistent with lubricating oil.  An 

example of a spectrum from lubricating oil is shown in Figure 3-7 (vide infra). 

 

In order to quantitatively examine the similarities and differences between the different 

particle types a difference score applicable to data of this type has been developed.  

Although there are many ways to calculate a difference score between two averaged mass 

spectra, a simple sum of absolute differences (L1, Euclidian distance metric) for the relative 

intensity at each mass-to-charge ratio is used here (Tan, Steinbach, and Kumar 2006). 

 

difference score � ∑ |�� � ��|
�		
�
��		      (4) 

where a and b represent the averaged relative spectra being compared and i is the individual 

mass-to-charge ratios ranging from -399 to 399.  The range was chosen to be inclusive of all 

obtained data.  It should be noted that the absolute score is not physically meaningful and is 

only useful for comparisons between different pairs of spectra.  The absolute score is also 

dependent on the data range that is used. 

 

A matrix of pairwise difference scores between all averaged spectra shown in Figure 2-7 is 

presented in Table 2-1.  These data allow a determination to be made regarding the 
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similarities of the composition of the different vacuum aerodynamic peaks or types among 

all the different mobility sizes.  The data show that the difference scores between particle 

types 1 and 2 are no greater than the internal differences in any of the particle types.  The 

high internal differences for particle type 3 are due to low particle counts within those 

vacuum aerodynamic peaks.  These data are summarized in Figure 2-8.  The error bars 

shown in this Figure represent a single standard deviation of those difference scores. 



 

Table 2-1: Pairwise difference scores for the averaged relative spectra for each of the 12 identified peaks.  The method for choosing th
particles to include in the averages minimized cross contamination on the shoulder peaks as much as possible and is discussed
detail in the text. The second particle type is identified as Elemental Carbon Multiply Charged (EC MC).

 

Pairwise difference scores for the averaged relative spectra for each of the 12 identified peaks.  The method for choosing th
particles to include in the averages minimized cross contamination on the shoulder peaks as much as possible and is discussed
detail in the text. The second particle type is identified as Elemental Carbon Multiply Charged (EC MC). 
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Figure 2-8: Pairwise distance score from comparisons of each of the averaged particle types.  
This shows that the difference types 1 and 2 (the smallest two vacuum aerodynamic peaks 
from each mobility size) are indistinguishable from each other.  The error bars represent the 
standard deviation from each set of comparisons.  Particle counts were low for some of the 
third peak measurements which contributes to the high uncertainties associated with those 
measurements. 
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The similarities in mass spectra of particle types 1 and 2 could be due to cross-contamination 

of each peak by the other but steps were taken in picking the particles to include in the 

average spectra to minimize that effect.  A more plausible explanation is that the 

aerodynamically larger peak is the multiply charged analogue of the aerodynamically smaller, 

EC peak.  This identification is explored in greater detail later. 

 

DeCarlo et al (2004) presented several formulas for calculating effective density for particles 

of known dm and dva.  Each captures slightly different particle properties.  Their third variety 

of effective densities, adopted from Kelly and McMurry (1992) who worked in aerodynamic 

size rather than vacuum aerodynamic size, is the most practically applied since vacuum 

aerodynamic and mobility sizes are both independently measureable. The formula: 

��� �
���

��
��          (5) 

where ρ0=1 g/cm3, provides the exact expression for the material density (ρp=ρeff ) of 

spherical particles of known dm and dva.  However, for nonspherical particles ρtrue>ρeff.  When 

deriving this expression it is assumed that that the dynamic shape factor, χ, is independent of 

pressure (i.e., is the same for transport in the free molecular, transition, and continuum flow 

regimes), which is unlikely to be true. Therefore, this assumption, as well as the assumption 

that the volume equivalent diameter equals the mobility diameter, will also cause the values 

of ρeff  for nonspherical particles calculated with this equation to differ from the true material 

densities ρtrue (Shapiro M. et al. 2011 (submitted)).  Despite these approximations equation 5 

provides qualitatively useful information on effective densities for nonspherical particles, and 

provides accurate densities for spherical particles. Furthermore, the equation is easy to apply 

and requires no a priori knowledge of particle density, ρtrue, or shape factor, χ.   
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The first aerodynamic peak has a composition that is consistent with agglomerated EC.  The 

weak dependence of vacuum aerodynamic size on mobility size is also consistent with 

agglomerated EC (Park et al. 2003; Slowik et al. 2004).  Figure 2-9 shows the relationship 

between vacuum aerodynamic diameter, dva, and mobility diameter, dm. for particles in each 

peak.  The vacuum aerodynamic diameters of the particles that we identified as EC are only 

very weakly dependent on dm and have the smallest aerodynamic diameters of the three 

particle types.  We believe this weak dependence is due to the fact that the primary particles 

that make up these larger agglomerates are approximately in the free molecular pressure 

regime.  Therefore, the aerodynamic drag force that accelerates the agglomerate is 

approximately equal to N multiplied by the drag on each primary particle, where N is the 

number of primary particles in the agglomerate.  In other words, as an approximation, the 

agglomerate is accelerated as if it consists of N unassociated primary particles.  The 

assumption that the primary particles are in the free molecule regime is a good one, since the 

primary particle size of diesel exhaust particles (typically 30-35 nm) is much smaller than the 

mean free path of air at 2 torr (~25,000 nm).  However, because primary particles in the 

agglomerate are shielded to some extent by their neighbors, the assumption that they do not 

interact during acceleration is an oversimplification.  Nevertheless, the independence of 

terminal velocity with mobility size shown in Figure 2-9 indicates that this assumptions result 

in a plausible model.  Slowik et al. (2004) also found that vacuum aerodynamic diameter of 

flame soot particles depends only weakly on mobility diameter.  Despite the difference in 

combustion sources, an O2-propane burner vs. a diesel engine, it is quite plausible that these 

soot agglomerates would behave similarly when undergoing acceleration. 
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 Since agglomerated soot of this size is likely to have a strongly fractal shape and thus be 

highly nonspherical, we can only use the relationship of dva and dm to place a bound (ρp>ρeff ) 

on the effective density.  Table 2-2 shows ρeff for the first vacuum aerodynamic peak from 

each of the measured mobility sizes.  The measured effective density is shrinking with 

increased mobility size.   Though Park et al. (2003) utilizes a different form of effective 

density, ρeff DMA-APM, the results are consistent.  They showed measurements of effective 

densities measured a variety of ways as a function of mobility size and noted the same trend.  

The measurements reported here extend these results to higher mobility sizes.  DeCarlo et al. 

(2004) illustrate the differences resulting from the different forms of effective densities for a 

particle with a volume equivalent diameter of 200 nm over a range of dynamic shape factors 

(1<χ>2.5).  The difference between the two effective densities that are most similar to ours, 

type I which is analogous to the ρeff DMA-APM and type III which is analogous to the ρeff DMA-

ATOMFS is less than 10% over the range of shape factors.  Given that effective densities are 

operationally defined, differences in application of alternate forms are to be expected.  

 



 

Figure 2-9: Graph showing the relationship between vacuum aerodynamic diameter and 
mobility diameter of the associate
(lubricating oil) from the d
that the slope of the line associated with the EC curve is not statistically different from zero.
A version of this Figure appeared in Park et al (2008).
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: Graph showing the relationship between vacuum aerodynamic diameter and 
mobility diameter of the associated peaks.  It was not possible to fit a curve to the third peak 

dm=600 nm due to the low particle counts.  It should also be noted 
that the slope of the line associated with the EC curve is not statistically different from zero.
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: Graph showing the relationship between vacuum aerodynamic diameter and 
d peaks.  It was not possible to fit a curve to the third peak 

It should also be noted 
that the slope of the line associated with the EC curve is not statistically different from zero. 
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Table 2-2: The electrical mobility diameter selected with the DMA, the corresponding 
vacuum aerodynamic diameter sizes and the calculated effective densities for the first and 
third peaks.  While the effective density of the EC (first peak) generally decreases with 
increasing mobility size the lubricating oil peak (third peak) shows no significant trend.  
Since the multiply charged peak represents a variety of particle charges and thus particle 
sizes, it is excluded from this analysis. 

dm 

(nm) 

dva 

(first 

peak) 

(nm) 

width of 

first 

 peak 

(nm) 

ρeff (<ρp) 

(first  

peak) 

(g/cm3) 

dva 

(third peak) 

(nm) 

width of 

third 

peak 

(nm) 

ρeff (≈ρp) 

(third 

peak) 

(g/cm3) 

300 44 53 0.147 ± 0.089 321 22 1.07± 0.04 

400 45 31 0.112 ± 0.038 437 37 1.09± 0.04 

500 57 57 0.114 ± 0.057 556 20 1.11± 0.02 

600 59 27 0.0975 ± 0.022 -   

 

  



42 
 

 

The third vacuum aerodynamic peak has a composition consistent with lubricating oil.  The 

vacuum aerodynamic diameter of the lubricating oil droplets in Figure 2-8 is clearly much 

larger than the other two types of particles.  This indicates that those particles are heavier 

(more difficult to accelerate). Given that lubricating oil is a liquid, it is reasonable to assume 

that these particles are spherical or near spherical.  Thus, ρp≈ρeff.  The calculated effective 

densities are shown in Table 2-2.  The average effective density measured for this mode is 

1.09 g/cm3.  

 

These effective density measurements are comprised of measurements of both mobility 

diameter and vacuum aerodynamic diameter.  Thus uncertainty or error in either of those 

measurements will be propagated through the calculation to the final value. Uncertainty in ρeff 

DMA-ATOFMS will be dominated by uncertainty in the ATOFMS (dva) measurement rather than 

the DMA (dm) measurement.  The DMA transfer function (or mobility window) is narrow 

compared to the equivalent in the ATOFMS.  Unlike a DMA in which the variables that 

affect the instrument performance such as machining dimensions, flow rates and voltages 

are either known or measureable, variables that affect performance in the ATOMFS are not 

as well characterized.  These variables include but are not limited to the sensitivity of the 

PMTs, the laser strength, the cleanliness of the aerodynamic lens components, particle 

number concentration, laser/particle beam alignment, etc.  Thus, an empirical estimate of 

uncertainty is the most relevant.   

 

The ATOFMS directly measures the velocity of the particles being analyzed.  Using an 

empirical calibration (in the form of a fourth degree polynomial) this velocity is converted to 
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vacuum aerodynamic diameter.  To characterize the uncertainty in these measurements we 

can examine the width of the vacuum aerodynamic size distribution of monodisperse 

particles.   National Institute of Standards and Technology (NIST) traceable PSL spheres of 

a known size (300 nm, with a standard deviation of 3.4 nm or 1.7% CV) where aerosolized, 

dried and DMA classified to remove any particles that had fragmented or coalesced.  These 

monodisperse particles were then sampled with the ATOFMS and the resulting size 

distribution recorded.  The full width at half maximum (FWHM) of the vacuum 

aerodynamic peak is only 18 nm. This results in an effective density of 1.06 ± 0.03 g/cm3.  

The manufacturer of the PSL publishes the density of PSL spheres as 1.06 g/cm3.  However, 

when DPM particles of the same mobility size are examined, the most dominate peak is 53 

nm in width (FWHM).  This broadening of the vacuum aerodynamic peak is due to the 

random orientation of the fractal particles in both the DMA and ATOFMS and the non-

uniform composition.  This results in an effective density of 0.147 ± 0.089 g/cm3.  If we 

extend this analysis to the third vacuum aerodynamic peak, the lubricating oil peak, we see 

that the width of the vacuum aerodynamic peak is 22 nm.  This results in an effective density 

of 1.07 ± 0.04 g/cm3.  This density is consistent with the material density of fresh engine 

lubricating oil (0.9 g/cm3 (Gligorijevic et al 2006) slightly enriched in minerals or slightly 

depleted of light hydrocarbons.  The density of lubricating oil does increase with usage (~2% 

in 150 hours) (Agarwul 2005) so the density of fresh lubricating oil is not necessarily directly 

applicable to lubricating oil that has been in service for some time.  Furthermore, lubricating 

oil droplets emitted by a diesel engine would have been subjected to significant heat, so it is 

likely that lighter hydrocarbons may have evaporated from the oil droplets, leaving denser 

material in the particle.   
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The second aerodynamic peak has a composition that is indistinguishable from the first 

aerodynamic peak and yet is aerodynamically separate from the first peak.  The most likely 

explanation is that this peak is comprised of multiply charged particles that exit the DMA at 

identical flow and voltage settings.  Large particles can carry more charges than smaller 

particles and irregularly shaped particles can carry more charges than more compact spheres 

making this hypothesis quite plausible.  Figure 2-10 shows the vacuum aerodynamic and 

mobility size of the first aerodynamic peak. The mobility sizes were corrected to unit charge 

using the following equations: 

�� �
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where Zp is related to dm by 
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and where Zp=particle electric mobility, Qc= clean sheath air inlet flow rate, Qm= main 

excess air outlet flow rate,  ∆ϕ= change in electric flux function from DMA aerosol inlet to 

outlet,  e is the elementary charge, np is the number of elementary charges on the particle, Cs 

is the Cunningham slip correction and µ is the gas viscosity.  Figure 2-10 shows the 

relationship of vacuum aerodynamic diameter and mobility assuming a progression of 

different charges (np=1-6).  If one makes the reasonable assumption that the relationship 

between dva and dm follow the same trend for both categories of EC particles, then it follows 

that particles in the second aerodynamic peak were carrying an average of 4 to 5 elementary 

charges.  The implication of this result is that a mode of supermicrometer (1- 2 µm) 
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agglomerated EC exists in diesel exhaust.  Sem and coauthors  (Sem, G.J., Bischof O.F., 

Kittelson D.B. 2010) summarized several different works showing such a mode including 

the work of Vuk et al. (1978) and Khatri and Johnson. ( 1978).  Despite the supermicrometer 

mobility diameter of these particles they are still within the functional range of the ATOFMS 

with aerodynamic lens inlet due to their smaller (80-150 nm) vacuum aerodynamic diameter.  

Alternatively, the second aerodynamic peak might consist of particles of identical 

composition to the first aerodynamic peak but of a more compact, or collapsed form.  

Imaging studies after very careful particle collection would be required to confirm this 

hypothesis but based on the DMA and ATOFMS measurements one of these theories  it is 

the most likely explanation. 

 

Though DMA-ATOFMS data from only one source, a diesel engine, are shown here, the 

deconvolution power of the technique is still quite evident.  Effective densities could have 

been calculated from dva and dm alone however, the existence and identity of the second peak 

would have been unclear and easily misidentified without the addition of the composition 

data.  Compared to sources such as ambient aerosols, diesel exhaust particles are relatively 

simple.  Measurements with this technique applied to more complex sources could 

potentially be informative and useful. 

  



46 
 

 

 

Figure 2-10: Relationship between vacuum aerodynamic diameter and mobility diameter for 
the singly (black) and multiply (colored) charged EC peaks. For the multiply charged peak, 
mobility diameter was calculated for assumed particle charge ranging from one to six. The 
slope of the relationship between the mobility size and vacuum aerodynamic diameter for 
the singly charged EC peak is most similar to a calculated quadruply or quintuply charged 
multiply charged particle. These calculations suggest that the multiply charged particles were 
associated with a coarse particle mode of EC particles. 
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2.3 VTDMA-ATOFMS: Tandem Measurements of Particle Volatility and 
Composition 
 
Tandem Differential Mobility Analyzers (TDMA) have been used to measure particle 

properties ranging from hygroscopicity and volatility to reactivity.  These properties dictate 

behaviors such as atmospheric lifetimes, cloud interactions (Bower et al. 2000), exposure and 

health effects (Pöschl 2005), and climate forcing (Ramanathan et al. 2001).  These properties, 

in turn, are controlled by the chemical composition and mixing state of the particles.  While 

TDMA methods can quantify the fraction of particles that have the various properties and 

sometimes allow inferences to be made about particle composition, they cannot directly 

reveal the composition of the particles.  However, when a TDMA is operated in tandem 

with an analytical method such as ATOFMS that directly measures particle composition then 

it is possible to start exploring particle properties as a function of particle composition. 

 

The modern DMA and the corresponding transfer theory were first described by Knutson 

and Whitby in 1975.  Within 3 years, Liu and colleagues had described an aerosol mobility 

chromatograph which was the predecessor of the modern TDMA.  Liu and colleagues used 

the technique to study hygroscopic and deliquescent properties of monodisperse particles 

(1978).   McMurry and coworkers (1983) used the TDMA to determine the reaction rate of 

gas phase ammonia with liquid phase sulfuric acid particles.  Rader and McMurry (1986) 

presented a theoretical framework for examining TDMA data and verified their work by 

using a TDMA system to examine the volatility of various organic aerosol particles.  

McMurry and Stolzenburg (1989) used TDMA techniques to provide information on the 

mixing state of atmospheric aerosols in Los Angeles based on their hygroscopic properties.  
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Since then TDMA techniques have become common and even adapted to diverse 

applications such as low pressure (Seol et al. 2000) and the uptake of vapor solvents other 

than water, such as ethanol (Joutsensaari et al. 2001). Park et al (2008) introduced the idea of 

categorizing TDMA systems.  TDMA systems that measure size changes associated with 

humidification are known as hygroscopicity tandem differential mobility systems (HTDMAs)  

TDMA systems that measure size changes associated with volatilization are known as 

volatility tandem differential mobility systems. TDMA systems that measure size changes 

due to chemical reactions are classified as reaction tandem differential mobility systems. 

 

McMurry and coworkers (1996) extended TDMA measurements of hygroscopicity by adding 

aerodynamic sizing, morphology and elemental analysis.  However, samples had to be 

collected over a 10 hour period in order to collect enough particles for analysis by scanning 

transmission electron microscopy (STEM) and only 115 particles were individually analyzed. 

They found that less hygroscopic particles were largely composed of hydrophobic 

components such as insoluble organic chemicals and elemental carbon. Sweitlicki et al (1999) 

confirmed that more hygroscopic particles were composed of hydrophilic inorganic salts and 

organic compounds. A more extensive review of results from HTDMA experiments and 

associated results is provided by Swietlicki et al. (2008). 

 

Though valuable information was gathered about the influence of chemical composition on 

hygroscopcity using STEM, the analysis was done off-line meaning that the particle samples 

had to be collected, stored, and then analyzed often under low pressure.  This technique is 

also very time and labor intensive, and because concentrations downstream of a TDMA 
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system are typically quite low (~1 particle/cm3), sampling times can be quite long.  The 

emergence of single particle mass spectrometry techniques allows several of the difficulties 

of making the microscopy measurements to be addressed.  The analysis is done on-line 

resulting in a reduction of possible artifacts and orders of magnitude more particles can be 

analyzed in a given time period potentially increasing the statistical power of the analysis.  

 

Figure 2-11 shows an experimental design that was used to measure particle composition as 

a function of volatility.  In this example, the experimental set-up was used at the Aerosol 

Nucleation And Real-time Characterization Experiment (ANARChE), which took place in 

Atlanta, GA during August of 2002. The measurements were made at the Jefferson Street 

Southeastern Aerosol Research and Characterization study (SEARCH) sampling site 

(Hansen et al. 2003).  This urban site was also utilized for the 1999, Southern Oxidant 

Atlanta - Study (SOS-Atlanta) (Solomon et al. 2003).  
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Figure 2-11: Experimental schematic showing a set-up for measuring particle composition 
as a function of volatility.  The processing conditions must be controlled for heat and 
particle residence time. 
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Ambient particles were initially brought to a Boltzmann charge distribution through the use 

of a 210Po neutralizer.  Then particles with an initial mobility diameter of 300 nm were 

selected by the first DMA (DMA-1).  Though a higher particle number concentration would 

have been found at a smaller initial particle mobility size, the lens-equipped ATOFMS was 

not yet fully optimized for detection of smaller particles.  These particles were then 

conditioned for a period of ~200 ms at a temperature of 150 C for the “more volatile” 

fraction and 200 C for the “less volatile” fraction (vide infra). This temperature conditioning 

selectively distills the more volatile materials from the mobility-classified particles. This 

material loss reduces the size of the particles through two mechanisms.  First, particles loose 

mass as the volatile materials are lost, causing the mobility diameter to decrease.  Secondly, 

as will be discussed in greater detail later, some particles collapse to a more compact form 

during the thermal conditioning process.  The rearrangement depends on the balance of the 

particle’s surface tension and the average bond energy holding the particle in its initial 

structure, with additional influences from the particle component’s solubility and wettability 

(Krämer, Pöschl, and Niessner 2000; Schmidt-Ott 1988; Weber and Friedlander 1997). 

 

After the particles were thermally conditioned, the new size distribution was scanned with 

the second DMA (DMA-2).  For ambient aerosols the results of the scan often show 

multiple peaks, indicating that different fractions had different volatilities.  Particles that do 

not change or change only very modestly in size are referred to as “less volatile” and 

particles that change significantly are referred to as “more volatile.”  Sometimes only one 

peak is found if the particles have a uniform volatility. It is also possible for more than two 

peaks to exist.  For the purpose of this experiment, after the second DMA was scanned to 
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identify the mobility sizes of the resultant peaks, it was set to a static voltage to select just the 

particles with that associated volatility characteristics.  These particles were then analyzed by 

ATOFMS for both vacuum aerodynamic diameter and composition. 

 

Rader and McMurry (1986) and Stolzenburg and McMurry (2008)  provide a detailed 

theoretical examination of the governing equations for TDMA analysis.  Thus these 

equations will not be repeated here.  The TDMA system was operated by Kihong Park for 

the measurements reported in this thesis.  

 

The initial 300 nm particles separated into two separate peaks after thermal conditioning.  

The “less volatile” fraction shrunk to only 290 nm, a loss of 10 nm.  The “more volatile” 

fraction shrunk to a size of 271 nm, a loss of 29 nm.  The TDMA scan also showed that the 

“more volatile” fraction had a significantly larger particle concentration than the “less 

volatile” fraction.  The distributions are shown in Figure 2-12.  
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Figure 2-12: TDMA data.  DMA1 was set at a static voltage corresponding to 0.3 um 
mobility size.  The particles were then thermally processed; resulting is the loss of the volatile 
components.  The right-most distribution, shown in blue, shows the particles held at 
ambient temperature, 26 C.  The middle distribution, shown in pink, was processed at 150 C.  
Particles from the main peak were selected with the second DMA for ATOFMS analysis.  
The left-most distribution, shown in red, was processed at 200 C.  Particles from the smaller, 
left-side peak were selected with the second DMA for ATOFMS analysis.  The more and 
less volatile fractions were processed at different temperatures a few hours apart.  The 
temperatures were chosen as part of  scoping study not due to any inherent value.  (Data was 
collected at the Jefferson Street sampling site, Atlanta, GA on August 20, 2002 and was 
provided by Kihong Park.) 
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The averaged spectra of both fractions are shown in Figure 2-13. There are clear qualitative 

differences in these spectra. Elemental carbon (Cn
+/-,  m/z = -96, -84, -72, -60, -48, -36, 12, 

24, 36, 48, 60, 72, 84, 96), potassium (K+, m/z = 39, 41), oxidized organics (CHOO-, m/z = -

45 CH3CHO2
-, m/z = -59 ), and organic nitrates (CNO-, m/z = -42 ) are more abundant in 

the “less volatile” particles, while ammonium (NH3, m/z = 17, NH4, m/z = 18), sulfate 

(HSO4
-, m/z = -97 ), and phosphates (PO4

-,  m/z = -95, PO3
-,  m/z = -79, PO2

-, m/z = -63) 

are more abundant in the “more volatile” particles. Separate TDMA-APM measurements 

done during the measurement campaign showed that the effective density of the evaporated 

mass from the “more volatile” 300 nm particles was close to the density of ammonium 

sulfate (Park et al. 2008), which is consistent with these chemical composition data.   
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Figure 2-13: VTDMA-ATOFMS measurements of averaged mass spectra for “more 
volatile” (upper panel) and “less volatile” (lower panel) 300 nm mobility diameter particles in 
urban Atlanta on August 20, 2002. 
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Figure 2-14 shows the averaged mass spectrum from unclassified particles from the evening 

of August, 20  after the  volatility measurements were made.  The ambient particles analyzed 

by ATOFMS overnight were binned by vacuum aerodynamic diameter and the average mass 

spectra over a large range of sizes shown in Figure 2-15.  Only particles with vacuum 

aerodynamic diameters between 0.2 and 0.5 micrometers, those in the same range as the 

volatility separated particles, were included in the average used for comparison in Figure 

2-14. The exclusion of spectra associated with extreme sizes was due to differences in 

composition in the extreme vacuum aerodynamic diameters. The averaged more volatile and 

less volatile spectra are shown below the unclassified spectrum in Figure 2-14.  The 

differences between the averaged ambient spectrum and the averaged more and less volatile 

are also shown in Figure 2-14.  This subtracted spectrum shows which compounds are 

depleted or enhanced in the particles separated by volatility relative to the ambient particles.  

Positive peaks (i.e. those above the baseline) are enhanced in the ambient particles relative to 

those separated by volatility and the negative peaks (i.e. those below the baseline) are 

depleted in the ambient particles relative to those separated by volatility. Temporal 

differences are expected to result in some differences in particle chemistry.  For instance, it is 

reasonable to expect that nitrate compounds are more likely to partition to the particle phase 

during the cooler overnight temperatures.  Additionally, there will be an absence of UV and 

a depletion of ozone overnight which will affect the formations rates of secondary aerosol 

products and thus average particle composition. Thus any species that is found 

simultaneously enhanced or simultaneously depleted in both the more and less volatile 

fractions may be attributed to these temporal differences.  Because the concentrations of the 

more volatile particles are so much higher than the concentrations of the less volatile 
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particles (Figure 2-12), the averaged ambient particle spectrum is expected to be more 

heavily representative of the more volatile particle type than the less volatile particle type.   
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Figure 2-14: Averaged mass spectrum of ambient particles sampled overnight with vacuum aerodynamic diameters between 0.2 and 0.5 
micrometers (the same range as those in the more and less volatile fractions) shown in the top graph.  The lower graphs show the averaged 
mass spectrum from the more and less volatile fractions (middle spectra).  The lower spectra show the difference spectrum (averaged 
ambient spectrum minus averaged more/less volatile spectrum).  Positive peaks represent species depleted in the classified spectra relative 
to the ambient particles while negative peaks represent species enhanced in the classified spectra relative to ambient particles.  These results 
are summarized in Table 2-3. 
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Figure 2-15: The average mass spectra from the overnight run separated by vacuum aerodynamic diameters.  The vacuum aerodynamic 
diameter bins correspond to the tick marks on the ordinate axis.  Hotter colors (i.e., red) represent higher relative intensities while cooler 
colors (i.e., purple) represent lower relative intensities.  Some of the most prominent species are identified at the top, while polymers of 
carbon Cn

± are identified by the vertical grid marks (m/z =±12, ±24, etc.).  This graph shows that the average mass spectrum is not 
homogenous across all sizes.  Thus only the particles within the same vacuum aerodynamic range as the volatility separated particles (0.22 
to 0.52 µm) were averaged for comparison. 
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Table 2-3 summarizes the differences seen between the volatility separated fractions and the 

ambient particles.  Components such as nitrate that are simultaneously enhanced or depleted 

in both fractions are likely to result from the aforementioned temporal differences.  Sulfate is 

depleted in the less volatile particles while elemental carbon, sodium, calcium and some 

oxides are enhanced in the less volatile particles as compared to the ambient particles.  In the 

more volatile particles no species (that cannot be attributed to temporal differences) is 

depleted as compared to the ambient particles though they are enhanced in potassium sulfate 

and oxygenated organics.  That the more volatile particles more closely resemble the ambient 

particles is consistent with the higher concentration of these particles. 
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Table 2-3: List of components and associated mass-to-charge ratios that were found to be depleted or enhanced in the less volatile or 
more volatile particle modes.  Mass-to-charge ratios that were found to be either enhanced or depleted simultaneously in both the LV and 
MV mode most likely represent a difference in composition due to temporal differences rather than differences in the volatility modes and 
ambient particles.   

LV depleted m/z MV depleted m/z 

Sulfate -97, -96, -80   

Carbon 12   

Nitrate -62, -46 Nitrates -63, -62, -46 

Organics 
27, 36, 37, 38, 43, 50, 51, 61, 62, 63, 
74 Organics 27, 36, 37, 38, 50, 51, 60, 61, 62, 63, 74 

    
    

    

LV enhanced m/z MV enhanced m/z 

EC (neg) -36, -24 Sulfate -99, -97, -96 

Oxygenates -16, -17 Organics 42, 43 

Sodium 23 
Oxygenated 
Organics -73, -59, -45 

Calcium 40 Potassium Sulfate 213 

Unknown -43, -35, 137 Unknown -152, -87, -43, -41, 98, 99 

Potassium 39, 41 Potassium 39, 41 
Organic 
Nitrates -42, -26 Organic Nitrates -42, -26 
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The “less volatile” particles were manually clustered into four distinct particle types 

based on the ATOFMS spectra: “Soot/EC,” “PAH,” “K, sulfate, CN and organics,” and 

“Oxidized Metals” (dominantly Al and Ti) as shown in Figure 2-16.  It should be noted that 

the ATOFMS is particularly sensitive to K and fairly insensitive to sulfate, so the ratio of 

those peaks in the average spectrum of the “K, sulfate, CN and organics” particle type is not 

likely to be representative of the ratio of the compounds in the actual particles.  The 

percentages of these particle types were: Soot/ EC (14%), PAHs (21%), K, sulfate, CN & 

organic compounds (57%), and oxidized metals (7%).   
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Figure 2-16: VTDMA-ATOFMS measurements of average mass spectra for the four types 
of “less volatile” 300 nm mobility diameter particles in urban Atlanta on August 20, 2002:  
“PAH” (N=3, 21%), “Soot or EC” (N=3, 21%), “Oxidized Metals” (N=1, 7%) “K, sulfate, 
CN and organics” (7, 50%).” 
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Despite differences in particle compositions these particles initially had the same electrical 

mobility size and during heat processing, they all shrunk to a similar mobility size.  However, 

the particles had a range of vacuum aerodynamic diameters after TDMA analysis.  Figure 

2-17 shows the post processing vacuum aerodynamic diameter of each analyzed particle.  It 

also shows the average vacuum aerodynamic diameter for each of the three particle types for 

which it is calculable.  While the PAH and EC dominated particle types are not significantly 

different in size, the EC-dominated particles are statistically different from the larger 

potassium, sulfate, etc-dominated particle type. 
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Figure 2-17: Post thermal processing vacuum aerodynamic diameters of the particles 
analyzed by VTDMA-ATOFMS.  The position along the x-axes of each vertical line shows 
the vacuum aerodynamic diameter and corresponding post-processed effective density of 
that particle.  The color of each vertical line indicates the class of the particle.  The 
horizontal markers and lines show the arithmetic average and one standard deviation of the 
vacuum aerodynamic diameters for each particle type.  Each particle had an initial mobility 
size of 300 nm and a post-processing mobility size of 290 nm.  While the PAH and EC 
dominated particle types are not statistically significantly different in size, the EC-dominated 
particles are statistically different from the larger K-dominated particle type. 
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While the particle counts are not sufficient to reliably determine an effective density for each 

particle type, general trends can still be observed.  Since all of these particles had the same 

final mobility size, the vacuum aerodynamic diameters are indicative of the trends in 

effective density.  Smaller vacuum aerodynamic diameters are associated with less dense 

particles while larger vacuum aerodynamic diameters are associated with more dense 

particles.  Thus while PAH and EC dominated particle types have the smallest and 

indistinguishable post-processing densities, the potassium dominated particle type has the 

highest post-processing density.  The metal particle’s density falls in the middle of the other 

particle types.  These densities were obtained after thermal processing and are not necessarily 

indicative of their ambient densities. 

 

Despite this limitation, it is possible to compare the trend observed in this data to the known 

densities of particles with similar compositions.  Bulk ammonium sulfate has a density of 

1.769 g/cm3 at 20C.  McMurry and coworkers (2002) found that the most abundant class of 

atmospheric particles from the same season (though different year) at this Atlanta sampling 

site had an effective density of 1.54-1.77 g/cm3.  They also found a mode with an effective 

density of 0.25-0.64 g/cm3.   It is reasonable to hypothesize, as did the authors, that these 

particles with low effective densities are likely to agglomerates, with significant internal 

voids, which is consistent with elemental carbon particles.  The measurements of the 

densities presented in the 2002 paper and the measurements that are presented here are not 

directly comparable due to differences in the measurement methodologies (DMA-APM vs. 

DMA-ATOFMS).  The DMA-APM system directly measures density by measuring mobility 

size and mass, while the DMA-ATOFMS system measures mobility size and vacuum 
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aerodynamic size from which effective densities are calculated.  Our corresponding effective 

densities for the particles are higher but our effective density measurements were made after 

thermal processing in which the loss of some of the agglomerate structure is quite likely.   

Like elemental carbon, PAHs are produced during incomplete combustion.  PAHs tend to 

adsorb to soot particles in addition to being co-products (Bedjanian, Nguyen, and Guilloteau 

2010).  Thus it is reasonable to hypothesize that these two classes of particles would have 

similar densities.  The final class of particles is the most challenging in this analysis since it 

has such low counts and represents a particle type that might be very specific to the location 

given the presence of a nearby bus repair depot at which welding was routinely performed.  

Particles produced during processes such as welding are known to be highly agglomerated 

(Brouwer, Gijsbers, and Lurvink 2004) and thus though the bulk density of many metals 

might be high the effective density of the agglomerate is likely to be significantly lower than 

the true material density due to the structure.   

 

The order of the densities of these known particle types from least dense to most dense is 

EC/PAH with similar densities followed by the Potassium dominated particle type.  While 

no specific ranking can be given to the metal particle type it likely falls somewhere in the 

middle, higher than the EC since the primary particles in the agglomerate would be more 

dense but not necessarily as dense as the potassium dominated particles given the likely 

structure.  When compared to the data obtained during this study, we can see that the trend 

of densities, even after thermal processing, is consistent.   However, while the trend is 

consistent, the magnitudes of the effective densities (shown in Figure 2-17), especially for 

the EC particles, are not consistent with ambient measurements of densities for particles of 
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similar composition.  This difference is likely due to the thermal processing of these 

particles.  Zhang et al (2008) showed that when laboratory generated soot particles are 

exposed to sulfuric acid vapor at concentrations below saturation, their mobility diameter 

decreases while their fractal dimension and effective density increase. The sampling region is 

known for significant sulfuric acid concentration in the atmosphere (Eisele and Tanner 

1993) and for high sulfate aerosol mass concentrations (Weber et al. 2001; Weber et al. 

2003). Thus changes in the morphology of the EC particles, including an increase in the 

effective density, during processing is reasonable to hypothesize. Similarly, the unexpectedly 

low effective densities measured for the potassium and sulfate dominated particles maybe 

due to a loss of volatile species.  If the mass is reduced while the volume is unaffected this 

will result in a lower measured effective density. 

2.4 DMA-APM-ATOFMS: A Cautionary Tale 
 
In previous sections of this chapter, examples have been shown in which the addition of 

composition data has strengthened and added new dimensions to physical measurements of 

aerosol properties.  Although the reporting of negative or failed experiments is not often 

done (Sackett 1979), here we will present an example of a failed experiment in the course of 

which the addition of composition data from an ATOFMS showed a previously unknown 

issue with the Aerosol Particle Mass Monitor (APM). 

 

The APM classifies particles based on the mass of the particle (Ehara, Hagwood, and 

Coakley 1996; McMurry et al. 2002). While the measurement results depend on mass and 

particle charge, they do not depend on particle shape, or orientation or theoretically 
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composition.  Combined with a DMA, in which particles are classified by mobility size, the 

APM can be used to measure true density in spherical particles (McMurry et al. 2002; Park 

2003).  In theory, a DMA-APM system could be used in tandem with the ATOFMS to make 

measurements of particles’ mobility size, mass, vacuum aerodynamic size, and composition 

as shown in Figure 2-18.  Such measurements can be challenging for a number of reasons 

but primarily due to low particle concentrations.  The DMA can reduce typical atmospheric 

particle concentration to less that 1 per cubic centimeter which are then further reduced by 

the APM.  Given that the ATOFMS does not have a 100% hit rate (i.e. detection efficiency), 

analyzing a statistically relevant number of particles is very time intensive.  When making 

such atmospheric measurements in which aerosol characteristics maybe changing with time, 

an additional level of complexity is introduced. 

  



 

Figure 2-18: Experimental diagram showing DMA

 

 

 

 

Experimental diagram showing DMA-APM-ATOFMS tandem measurements.
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ATOFMS tandem measurements. 



71 
 

 

DMA-APM-ATOFMS measurements were first attempted during the 2002 Atlanta 

ANARChE measurement campaign.  Several different single particle mass spectrometers 

and other analytical methodologies have been used at the same sampling site during the same 

season (though different year) resulting in an unusually well characterized aerosol 

composition (Hansen et al. 2003; Lim et al. 2003; Liu, Wenzel, and Prather 2003; 

Middlebrook et al. 2003).  A high concentration of particle and gas phase sulfur containing 

compounds has been found in Atlanta and the surrounding region (Weber et al. 2003). In 

the particle form, most atmospheric sulfur is in the form of ammonium sulfate (or other 

sulfate salts), ammonium bisulfate or sulfuric acid (Chu, Paisie, and Jang 2004).  Ammonium 

sulfate and ammonium bisulfate are both difficult to analyze by ATOFMS due to a weak 

absorption cross section at the wavelength of the desorption/ionization laser (266 nm).  

Wenzel and colleagues (2003), working at the same sampling site, found that the hit rate (i.e. 

detection efficiency) of the ATOFMS decreased as the concentration of particle bound 

sulfate increased.   

 

Such measurements were attempted during the 2002 Atlanta ANARChE study.  Figure 2-19 

shows the averaged mass spectrum from particles drawn through the APM and particles 

drawn through DMAs that had been inline with the APM.  Several features were unusual 

about both mass spectra that were collected and the analytical process.  First, the hit rate was 

unexpectedly high (though unquantified).  Second, the peaks seen in the positive spectrum (
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Table 2-4) in had not been previously described in any ATOFMS analysis of atmospheric 

aerosols. Third, the peaks were not found in any of the mass spectra from a second 

ATOFMS analyzing ambient aerosol particles simultaneously.  An investigation was 

performed, trying to determine the source of the unusual chemical signature.  When 

atmospheric aerosols were classified through a DMA that has never been in-line with the 

APM, these peaks were not found.  However, a low level of these peaks was found 

downstream of DMAs that had regularly been used with the APM.  When particles were 

sampled through the APM, the spectra were remarkably homogenous in their composition 

and dominated by these unusual peaks.  Similar results were later reported by Yang (2007).  

Cleaning the APM as per the standard laboratory procedure, which includes flushing the 

APM with a polar and a non-polar solvent, did not influence the results. 
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Table 2-4 This table shows how frequently specified mass to charge ratios appeared in 

ambient particles from 8/16/2002 at the Jefferson Street site in Atlanta Georgia.  One 

hundred sixty seven particles were analyzed by TDMA-ATOFMS.  The TDMA system had 

been used extensively in-line with the APM.   Given the heterogeneity of atmospheric 

particles, finding unusual peaks in so many particles requires further investigation. The peaks 

at 98 and 58 are thought to be artifacts of the peaks at 99 and 59.  The peaks found at 99 

and 59 are of such magnitude that the spectral identification/interpretation software 

occasionally splits the peak incorrectly. 

m/z % of particles containing peak 

+99 100 

+98 38 

+59 100 

+58 81 

+43 97 

-97 40 

 

.
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Figure 2-19: Two averaged spectra both showing peaks due to the contaminant. The lower spectrum (which references the left axis) shows 
laboratory air (ME 271) drawn through the APM prior to ATOFMS analysis.  The upper inverted spectrum (which references the right 
axis) shows dried 300 nm classified aerosol drawn through the DMAs during the Atlanta ANARChE study.  These particles were not 
drawn through the APM through they were drawn through DMAs that had been in-line with the APM extensively.  Despite differences in 
the sources of these aerosols, the spectral signature is very similar and dominated by peaks (specifically m/z = 43, 59 and 99, indicated by 
the arrows along the abscissa) never documented in atmospheric aerosols. 
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 The APM’s inlet and outlet are both static; however, the cylindrical electrodes rotate about 

a common axis.  To make an airtight, albeit delicate, seal a magnetic ferrofluid is used near 

the inlet and outlet to form a seal over the rotating joint.  When a small sample of this 

ferrofluid was dissolved in acetone and aerosolized for analysis, the unusual peaks seen 

during the Atlanta study were reproduced along with a significant peak from the iron in the 

ferrofluid and some smaller unidentified peaks.   

 

Having determined that the ferrofluid in the APM was the source of the contaminant, 

further investigations were initiated.   Based on the mass spectrum, the contaminant was 

preliminarily identified as a secondary amine. Figure 2-20  shows a chemical diagram of a 

generic secondary amine.  Though the identification cannot be made with complete 

certainty without a reference or standard sample of the same compound, secondary amines 

are known to be used as anti-oxidants in some ferrofluids (Rizvi et al. 1989; Tsuda and 

Takayama 1999).  Secondary amines, which are basic, would be reactive with acids (Bzdek, 

Ridge, and Johnston 2010).   

  



 

Figure 2-20: Chemical diagram of a generic secondary amine.  A primary amine consists of 
ammonia in which one hydrogen has be
secondary amine, two of the hydrogens have been replaced by organic functional groups.  
The functional groups can be identical or different groups. The term “secondary” in this 
context does not indicate any

 

 

Chemical diagram of a generic secondary amine.  A primary amine consists of 
ammonia in which one hydrogen has been replaced by an organic functional group.  In a 
secondary amine, two of the hydrogens have been replaced by organic functional groups.  
The functional groups can be identical or different groups. The term “secondary” in this 
context does not indicate anything about the origins of the chemical species.
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Chemical diagram of a generic secondary amine.  A primary amine consists of 
en replaced by an organic functional group.  In a 

secondary amine, two of the hydrogens have been replaced by organic functional groups.  
The functional groups can be identical or different groups. The term “secondary” in this 

species. 
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An experiment was designed by Dutcher, McMurry and Jihun Yang and performed by 

Yang to study the effect of reactive vapors emitted by the APM on the ATOFMS spectra 

for aerosols of varying acidity.  Figure 2-21 shows the schematic diagram of the apparatus 

used for these measurements.  A DMA was used to select particles of 300 nm mobility 

from aerosols produced by atomizing of mixtures of sulfuric acid and ammonium sulfate in 

molar ratios ranging from 0:1 to 1:0. We observed that as the particles became more acidic, 

the ATOFMS spectra show peaks at masses +59 and +99, which are associated with 

neither sulfuric acid nor ammonium sulfate. Furthermore, as shown in Figure 2-23, the 

intensities of these peaks varied approximately linearly with the mole fraction of sulfuric 

acid in the sampled particles. As the particles increased in acidity the area of the two most 

dominant peaks (m/z = 59 and 99) in the contaminant spectra also increased.  The peaks 

that increased in area are not associated with ammonium sulfate or sulfuric acid and could 

only end up in the particle spectra through a reaction of the particles with a gas phase 

contaminant from the ferrofluid.  We hypothesize based on the ATOFMS spectra that the 

contaminant species is the semi-volatile secondary amine species detected when the 

ferrofluid was aerosolized and analyzed directly with the ATOFMS.  Because the intensity 

of this artifact signal is so strong, we have been unable to carry out ATOFMS 

measurements of composition for atmospheric particles that were first classified by mass 

with the APM.   

 

 

 

 



 

 

Figure 2-21: Experimental diagram of set
and ammonium sulfate particles by ATOFMS sampled through a static APM.
sulfuric acid and ammonium sulfate were sampled, the ATOFMS results included peaks 
not associated with either chemical species.

 

 

Experimental diagram of set-up used to analyze various ratios of sulfuric acid 
and ammonium sulfate particles by ATOFMS sampled through a static APM.
sulfuric acid and ammonium sulfate were sampled, the ATOFMS results included peaks 
not associated with either chemical species. 
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us ratios of sulfuric acid 
and ammonium sulfate particles by ATOFMS sampled through a static APM. Though only 
sulfuric acid and ammonium sulfate were sampled, the ATOFMS results included peaks 
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Figure 2-22: Plot of the mole fraction of sulfuric acid in a sulfuric acid:ammonium 
bisulfate mixture vs. the area of the two dominant peaks from the contaminant when the 
particles were sampled through a static APM.  Neither of the peaks is associated with 
sulfuric acid nor ammonium bisulfate and can only have occurred as a result of a 
heterogeneous phase reaction between the sulfuric acid and a volatile component of the 
ferrofluid. 
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David Hanson performed an experiment to further confirm the identity of the 

contaminant using an atmospheric pressure proton transfer reaction mass spectrometer 

(Amp-MS) (Hanson et al. 2003).   The APM was flushed with clean nitrogen (at a nominal 

flow rate of 1 liter per minute) for ~30 minutes, which would be displace or dilute the 

entire volume of the APM many times.  After the APM was flushed the nitrogen that was 

flowing through the APM was diluted by a factor of 5 and sampled with the AMP-MS.   

Figure 2-23  shows an averaged spectrum from this analysis.  This spectrum is also 

consistent with an organic amine. 

 

 

 

 



 

Figure 2-23: AMP-MS spectrum of the contaminant 
nitrogen through the APM after a 1:5 dilution with additional clean nitrogen
supplied by D. Hanson) 

 

 

 

MS spectrum of the contaminant obtained by sampling filtered 
nitrogen through the APM after a 1:5 dilution with additional clean nitrogen
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obtained by sampling filtered 
nitrogen through the APM after a 1:5 dilution with additional clean nitrogen. (Data 
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Based on the results from the work presented here an alternate ferrofluid was identified by 

the manufacturer for use in all commercial APMs.  Testing of the new ferrofluid did not 

reveal the same reactivity with acidic particles.   

 

However, this failed experiment does point toward a possible future research direction.  

Acidic sulfate containing particles are difficult to analyze by ATOFMS due to their low 

absorbtivity at the relevant wavelengths (vide supra).  Reacting acidic particles with a 

secondary amine or similar compound before analysis would be one a method of 

quantifying the acidity of the particles and the number concentration of such particles.  The 

technique would be analogous to derivatization methodologies used in several other forms 

of analytical chromatography/spectrometry.  

 

2.5 Tandem ATOFMS Techniques: Conclusion 
 
Measurements by ATOFMS in tandem with other instruments enable a far more detailed 

nuanced characterization of aerosol physicochemical properties than can be achieved with 

any single instrument alone.  In fact, many advances in aerosol science and analytical 

chemistry are being made through the use of tandem measurements.  These advances in 

instrumentation and their application to atmospheric aerosol bring the field one step closer 

to a coupled size and composition probability density function first proposed by 

Friedlander in 1970 but further expand upon his vision by including quantitative 

information on properties such as brightness, density, volatility, hygroscopicity, and 

reactivity.  Since the work presented in this chapter has been disseminated, the techniques 
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have been adapted for use in other works including but not limited to Moffett (2005), 

Cross (2008), and Moffett (2009). 
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Chapter 3: Bio-Fuel Combustion: A Single Particle 
Perspective, Part 1: Ethanol  
 

3.1 Introduction/Motivation 
Due to its agricultural origin and function as a fuel oxygenate, ethanol is being promoted as 

an alternative biomass-based fuel for use in spark ignition engines, with mandates for its 

use at state and regional levels. While it has been established that the addition of ethanol to 

a fuel reduces the particulate mass concentration in the exhaust, little attention has been 

paid to changes in the physicochemical properties of the emitted particles. In this work, a 

dynamometer-mounted GM Quad-4 spark ignition engine run without aftertreatment at 

1500 RPM and 100% load was used with four different fuel blends, containing 0, 20, 40 

and 85 percent ethanol in gasoline. This allowed the effects of the fuel composition to be 

isolated from other effects. Instrumentation employed included two Aerosol Time-of-

Flight Mass Spectrometers covering different size ranges for analysis of single particle 

composition, an Aethalometer for black carbon, a Scanning Mobility Particle Sizer for 

particle size distributions, a Photoelectric Aerosol Sensor for particle-bound polycyclic 

aromatic hydrocarbon (PAH) species and gravimetric filter measurements for particulate 

mass concentrations. It was found that, under the conditions investigated here, additional 

ethanol content in the fuel changes the particle size distribution, especially in the 

accumulation mode, and decreases the black carbon and total particulate mass 

concentrations. The molecular weight distribution of the PAHs was found to decrease with 

added ethanol. However, PAHs produced from higher ethanol-content fuels are associated 

with NO2
-(m/z -46) in the single-particle mass spectra, indicating the presence of nitro-
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PAHs. Compounds associated with the gasoline (e.g. sulfur-containing species) are 

diminished due to dilution as ethanol is added to the fuel relative to those associated with 

the lubricating oil (e.g. calcium, zinc, phosphate) in the single particle spectra. These 

changes have potential implications for the health effect impacts of particulate emissions 

from biofuel blends. 

 

The use of ethanol to fuel motor vehicles dates back to at least Henry Ford (Al-Hasan 

2003). Ethanol fell into and out of favor as an internal combustion fuel until the 1970’s fuel 

crisis. At that time, ethanol, which can be manufactured from biomass, was reintroduced as 

a volume extender (Cummins 1976). Recently ethanol has regained national interest due to 

its non-petroleum origin, its strength as a fuel oxygenate, and its octane boosting 

properties.  There is ongoing debate about its environmental benefits (Niven 2005). 

According to the Renewable Fuels Association (RFA 2008), the volume of ethanol 

produced in the US (primarily for fuel) increased 22 fold between 1980 and 2005.  

 

Several states currently mandate the use of ethanol in concentrations up to 10% in their 

fuels and some states have mandated 20% fleet average ethanol blends (Boyle 2006; Mosey 

and Kreycik 2008). Additionally, flexible fuel vehicles are being sold that can run on 

ethanol gasoline blends from 0-85% ethanol. Flexible fuel vehicles allow car manufacturers 

to meet Corporate Average Fuel Economy (CAFE) standards more readily, which is a 

significant incentive for their manufacture (Leiby and Rubin 2001).  
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Ethanol/gasoline mixtures have been extensively studied for their effects on gas-phase 

emissions from spark ignition (SI) engines (Al-Hasan 2003; Graham, Belisle, and Baas 

2008; Hsieh et al. 2002; Huang et al. 2000; Jia et al. 2005; Poulopoulos, Samaras, and 

Philippopoulos 2001; Rice et al. 1991; Schifter et al. 2001; Yanowitz and McCormick 2009; 

Yüksel and Yüksel 2004). Emissions of several important gas-phase species are known to 

be reduced as ethanol is added to gasoline; these include carbon monoxide and many 

hydrocarbon species, including benzene, toluene, and butadiene. Emissions of other gas-

phase species may actually be increased; these include unburned ethanol, methane, total 

hydrocarbons, some aldehyde species and ethylene. Particle mass and number emissions 

have been shown to decrease with the addition of ethanol (Hubbard, Shane, and Maricq 

2007; Mulawa et al. 1997; Ragazzi and Nelson 1999; Zhang et al. 2011). The effect of 

ethanol fuels on additional air quality parameters has also been examined (Jacobson 2007). 

Several different chemical markers have been identified that distinguish spark ignition 

engine exhaust from other aerosol sources. For example, Schauer and coworkers (1996) 

were able to use a receptor-based source apportionment technique based largely on organic 

compounds analyzed by GC/MS to identify the contributions from gasoline powered 

engines in Los Angeles. Kim and coworkers (2004) were able to use carbon fractions 

resolved by temperature in a positive matrix factorization technique to distinguish between 

diesel and gasoline emissions. Miguel et al. (1998) found that diesel trucks emitted lower 

molecular weight PAHs than gasoline powered vehicles. Prather and coworkers (Shields, 

Suess, and Prather 2007; Sodeman, Toner, and Prather 2005; Spencer et al. 2006; Toner et 

al. 2007) have used single particle signatures as determined by Adaptive Resonance Theory 

2-A (ART-2a) to separate contributions from combustion in Heavy-Duty Diesel Vehicle, 
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Light-Duty Vehicles, and other combustion sources. The stability of the ratio of measured 

components is critical to the success of these methodologies. 

 

Gasoline is a complex mixture of hundreds of different species (Burri et al. 2004; Myers Jr., 

Stollsteimer, and Wims 1975). When alcohols and gasoline are mixed the concentration of 

aromatics in the fuel is typically reduced, as these are no longer required to maintain the 

octane rating (Myers Jr, Stollsteimer, and Wims 1975; Yüksel and Yüksel 2004). Reducing 

aromatics also enhances the solubility of the ethanol in the gasoline (Bayraktar 2005). 

Simultaneously, components of gasoline such as sulfur-containing compounds are 

proportionately diluted as ethanol is added. Given the dependence of particle formation 

processes on their synthesis conditions (Vander Wal and Tomasek 2004), these changes in 

fuel composition may result in exhaust particles with different physical and chemical 

properties.  

 

Although particle mass concentrations are known to be reduced as ethanol is added 

(Graham, Belisle, and Baas 2008; Hubbard, Shane, and Maricq 2007; Mulawa et al. 1997; 

Ragazzi and Nelson 1999; Yanowitz and McCormick 2009), there is a dearth of 

information on the properties of particulate emissions. In this paper, measurements of the 

chemical and physical properties of exhaust particles produced from combustion of a 

systematic progression of ethanol-gasoline blends in a spark-ignition engine are described. 

The primary focus of the discussion is on chemical measurements obtained using single 

particle mass spectrometers. Complementary information on aerosol physical properties 
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including mass concentrations, black carbon concentrations, and size distributions is also 

included.  

 

3.2. Experimental Section 
The effect of ethanol concentration in the fuel of a spark ignition engine on the 

composition of the exhaust particles was studied using an engine dynamometer system. 

The primary instrument used in this test was the single particle mass spectrometer (Gard et 

al. 1997), with several other aerosol instruments used for additional information. All 

instruments sampled directly from an ejector-diluter system. A schematic of the experiment 

is shown in Figure 3-1. The engine operating conditions and the primary dilution 

parameters were constant through all fuel tests, effectively isolating the effects of the fuel.  

It should be noted that due to the lower energy content of high ethanol fuels, a higher 

volume of fuel was combusted per unit time to maintain the same engine operating 

conditions. 

 

3.2.1. Fuels 

Four different fuel blends, E00, E20, E40, and E85, were studied (where EX indicates that 

the fuel contains X percent ethanol, by volume). E00, E10 and E85 were obtained from a 

commercial supplier and used as supplied. The E20 and E40 were mixed from the E10 and 

E85, to ensure that the appropriate gasoline blend was used in all experiments. Each fuel 

type was tested multiple times and particle size distributions were monitored during all runs 

to ensure stability and repeatability.  
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Ejector-Diluter 

ATOFMS w/ lens * 

ATOFMS w/ nozzle 

n-SMPS 

r-SMPS 
Quad-4 

S.I. 
Engine ~17:1 

Critical Orifice 
   + Vacuum Filter 

Aethalometer 

PAS 

* utilized “leaky-filter” style diluter as required 

Figure 3-1: Schematic diagram of the experimental set-up. Appropriate transport flows were 
provided for all the instruments and secondary dilution was performed for the ATOFMS 
with the lens inlet to keep concentrations within the operating parameters. 
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3.2.2. Apparatus 

The engine used in these studies was a Quad-4, the first production, four-valve, Dual 

OverHead Cam (DOHC) four-cylinder engine built by General Motors. Its total 

displacement capacity is 2.3 liters (Thomson et al. 1987). Although this engine is no longer 

in production, it was a very common engine in the GM line, and was standard in car 

models such as the Grand Am and Cutlass. The engine used in our study was 

manufactured in 1994 and had 500-600 hours of run time. During this experiment, all 

measurements were carried out on an engine-dynamometer at 1500 RPM and 100% load 

without aftertreatment. Particle emissions from spark ignition engines are extremely load 

dependent with dramatic increases under high load (Graskow et al. 1999; Johnson and 

Kittelson 1996; Kittelson et al. 2006). These increases are associated with several factors 

but the main ones are fuel enrichment and loss of catalyst effectiveness (Graskow et al. 

1999; Johnson and Kittelson 1996). Under most operating conditions PM emissions from 

gasoline vehicles are extremely low and the main sources of PM are worn, high emitting 

vehicles, and vehicles operating under off cycle conditions that lead to very high emission 

rates and potential local emission hotspots. High load conditions like those used here are 

associated with hot spots such as some intersections and freeway on-ramps. The engine 

was operated without its normal 3-way catalyst aftertreatment system because it was 

necessary to operate for relatively long time periods to collect ATOFMS data and 

continuous high load operation may damage catalysts. The particle signature should not be 

dramatically changed by the absence of the catalyst because PM (mainly elemental and 

organic carbon) removal by a catalyst designed to remove relatively low molecular weight 

gas phase species is marginal at best, especially under high power conditions. The results 
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are only applicable to other high-load conditions and should not necessarily be 

extrapolated to engines with aftertreatment operating at light load and cruise conditions. 

Given that high load conditions produce disproportionate amounts of particulate 

emissions, it is essential to fully characterize emissions from this engine condition. Only 

one static condition was tested so that the effects of the changes in fuel composition could 

readily be isolated from other changes. Engine operating conditions used in this study are 

based on load, not on fuel consumption rates. The volume of fuel used per unit of time, 

for identical engine conditions, increases as ethanol is added because ethanol contains 34% 

less chemical energy per unit volume than gasoline (Pimentel 1991).  

3.2.3. Aerosol Sampling and Measurement 

The engine exhaust was diluted with a primary dilution system capable of simulating 

particle formation and growth that would occur under initial atmospheric dilution 

conditions. The dilution system is capable of controlling aerosol bulk residence time, 

dilution ratio, relative humidity and dilution temperature (Abdul-Khalek, Kittleson, and 

Brear 1999; Wei, Kittelson, and Watts 2001). Particle-free air with a very low relative 

humidity (<5%) was used for dilution. A 17:1 primary dilution ratio, as determined by pre 

and post dilution NOx measurement, was maintained for all data presented in this work. 

The post dilution temperature was maintained below 40 C. It should be noted that the 

results then are most applicable to similar temperature conditions.  Ejector dilutors are an 

effective way to mimic the dilution and quenching that occurs downstream of the tailpipe 

under real operating conditions (Abdul-Khalek, Kittleson, and Brear 1999). The residence 

time was held at a nominal 1 s. One of the single-particle mass spectrometers required 
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secondary dilution, accomplished with a leaky filter-style diluter, to obtain particle 

concentrations within its operating range.  

 

Two TSI 3800 Aerosol Time-of-Flight Mass Spectrometers (ATOFMS, TSI Incorporated, 

Shoreview, MN ) were used to measure particle composition. One of these instruments 

was equipped with an aerodynamic lens inlet (Liu et al. 1995a; Liu et al. 1995b; Zhang 

2002) optimized for the 50-500 nm aerodynamic diameter size range. The second 

ATOFMS was equipped with a nozzle inlet for larger particles (~150 - 3000 nm with a 

size-dependent efficiency). The laser used in the desorption/ionization step in both 

instruments has a wavelength of 266 nm, enabling detection of a wide variety of chemical 

components, and resulting in a high sensitivity to species which have a high absorptivity at 

that wavelength. 

 

Black carbon concentration was measured using an Aethalometer (Magee Scientific, 

Berkeley, CA) (Hansen, Rosen, and Novakov 1982). This instrument uses the absorption 

of 880 nm light by filtered particles to assess the mass concentration of black carbon. 

Although this instrument allows for the application of source specific calibrations, the 

default calibration was used due to the magnitude of the range of potential results. 

 

A Photoelectric Aerosol Sensor (Burtscher et al. 1982) 2000 CE (PAS, EcoChem Analytics, 

League City, TX) was used to monitor qualitative trends in particle-bound PAHs. This 

instrument measures particle-bound PAHs by ionizing the aerosol with UV radiation and 

measuring the resultant electric charge. The particle size distribution, the presence of other 
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volatile species, black carbon concentrations and the PAH molecular weight distribution 

can create bias in the measurement (Jung and Kittelson 2005; Maisels, Jordan, and Fissan 

2002; Wilson N.K., R.K. Barbour, J.C. Chuang, R. Mukind 1995). Thus, the signal is 

reported here in arbitrary units and is only used as an indicator of overall trends in PAH 

concentration. 

 

Particle size distributions from 4.5 - 830 nm mobility diameter were measured after 

neutralization using a Po210 using a nano-DMA (TSI 3085, TSI Incorporated, Shoreview, 

MN) (Chen et al. 1998) coupled with an ultrafine condensation particle counter (CPC, TSI 

3025, TSI Incorporated, Shoreview, MN) (Stolzenburg and McMurry 1991) and a long 

column (regular) DMA similar in design to the instrument described by Knutson and 

Whitby (1975) coupled with a CPC (TSI 3760, TSI Incorporated, Shoreview, MN) (Keady, 

Quant, and Sem 1986). The nano-SMPS (n-SMPS) system was used to measure the particle 

size distribution from 4.5 - 50 nm, while the long column system (R-SMPS) was used to 

measure from 35 - 830 nm.  

 

Mass concentrations were determined by collecting particles on 47 mm Pall Teflo filters (2 

µm pore size with polyolefin support rings) after primary dilution. These filters were 

weighed using a CAHN C-31 microbalance (Cahn Instruments, Inc., Cerritos, CA) before 

and after sampling and equilibration. Sampling volumes were ~3.6 m3.  
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3.3. Results and Discussion 

3.3.1. Mass and Black Carbon 

Mass concentration results for the two extreme fuel conditions are shown in Table 1, 

which shows that exhaust particle mass concentrations drop significantly as ethanol is 

added to the fuel. A 60% drop in mass concentration is seen for the E85 fuel experiment 

compared to E00. This drop is likely due to ethanol’s property as a fuel oxygenate. A 

similar trend is seen in the concentration of black carbon as measured by the Aethalometer. 

While black carbon concentrations fall rapidly with the addition of 20% ethanol, there 

appear to be diminishing reductions with the E40 and E85 fuels, though the lack of a 

source specific calibration and the presence of known interferences such as PAHs add 

uncertainty to these measurements. Black carbon concentration is an operationally defined 

quantity that corresponds to the extent to which particles deposited on a filter absorb light 

(Snyder and Schauer 2007), and it is generally formed through incomplete combustion. The 

reduction of mass and black carbon is likely associated with the decreased tendency to 

form soot associated with oxygenated fuels like ethanol.  

 

Mass concentrations of semi-volatile matter may be affected by the temperatures at which 

the primary dilution was performed and by the temperatures at which particle collection 

was done.  Thus, in cooler winter conditions the partitioning of semi-volatile compounds 

from the gas phase to the particles might increase, thus increasing the mass although the 

solid elemental carbon component of the mass would be unchanged by dilution conditions. 
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3.3.2. Mobility Distributions  

Figure 3-2 shows that the addition of ethanol leads to a systematic decrease in 

concentrations of particles larger than 10 nm. Below 10 nm, number distributions of the 

ethanol blends rise sharply with decreasing size to values that equal or exceed those 

measured for E00. In all cases, the sub 10- nm particles are likely produced by nucleation 

when the hot exhaust gases mix with the cool dilution air. Nucleation of semi-volatile 

materials becomes more likely as the concentration of particles in the accumulation mode 

and thus surface area available for adsorption decreases. 
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Figure 3-2: Particle mobility size (Dm) distributions measured with the SMPS system as a 
function of fuel ethanol content.  Error bars (±1 standard deviation) were calculated based 
on repeated runs.  Error bars are shown only for E00 and E85 fuels, for ease of 
visualization, and are of comparable magnitude for E20 and E40 fuels. 
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3.3.3. ATOFMS Measurements 

The average composition of the particles produced through the combustion of each fuel 

mixture is shown in Figure 3-3.  This figure shows the average composition of particles 

produced by each fuel as measured by the ATOFMSs.  These arithmetic averages each 

represent between 5,000 and 20,000 particles.  No scaling factors to correct for particle 

detection efficiency have been applied, given the similarity in the sample sources and thus 

the particle matrices.  A few trends are particularly relevant and are illustrated in the 

associated bar graphs. The most obvious is the systematic reduction in the relative area of 

the peak associated with sulfate (HSO4
-, m/z -97) as a function of ethanol content. Given 

that the most significant source of sulfur is as a contaminant in the gasoline, the trend in 

this peak represents the dilution of sulfur in the gasoline by the ethanol. Though it was not 

measured in this work, other research has confirmed that gas-phase oxides of sulfur are 

reduced as well (Szwarc 2004; Tan 2002). A reduction in the average relative area of peaks 

associated with elemental carbon (Cn
±, m/z  ± 12*n, where n = 1, 2, 3, …) is also seen as a 

function of increasing fuel ethanol content, consistent with the decrease in black carbon 

mass determined with the Aethalometer with increasing fuel ethanol content. The rate of 

decrease of the average relative area of elemental carbon peaks is dependent on the choice 

of peaks used to represent elemental carbon. Here the sum of the signal at  Cn
± where n=4, 

5, 6, 7, and 8 is used, to equally represent peaks observed in the positive and negative 

spectra and to utilize peaks with minimal interferences.  A relative increase in species 

associated with the lubricating oil (calcium, phosphate, zinc, etc.) (Mosey, Muser, and Woo 

2005) is observed as fuel ethanol content increases. This does not indicate that more oil-

associated species are being emitted; just that these are proportionately increased in the 
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particle mass spectra as products of incomplete combustion are reduced. These species are 

associated with the larger nucleation or coarse particle modes.  This shift in particle 

composition and size distribution has implications for both health impacts and source 

apportionment.   
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Figure 3-3: Average single-particle mass spectra for each fuel type.  The PAH region is 
magnified.  The arrows in the magnified PAH region show the arithmetic average 
molecular weight of observed PAHs.  Trends in the relative peak areas of certain key 
species as a function of fuel ethanol content are shown in bar graphs, and labeled by fuel 
type. 
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In order to investigate detailed chemical changes upon the addition of ethanol to the fuel, 

we have paid careful attention to the PAH region, given their known health effects and 

utilization in source apportionment techniques. Species other than PAHs contribute little 

signal in the mass spectral region from +154 - +300, so we have made the approximation 

that the signal in this range is due PAH ions.  Thus, we use the summation to represent the 

total peak area due to PAH ions. Trends in the PAH region of the mass spectra (m/z 154 – 

300) as a function of fuel ethanol content are also illustrated in Figure 3-3.  The average 

molecular weight of the ions detected in the PAH region (indicated by arrowheads in the 

Figure), decreases with increasing fuel ethanol content.  Although the ATOFMS cannot 

distinguish between different PAH congeners (Zimmermann et al. 2003), these data show 

clearly that the distribution of observed PAH species is changing with fuel composition.  

de Abrantes and coworkers (2009) observed a similar trend when analyzing emissions for 

16 specific PAH species from spark ignition vehicles burning various ratios of ethanol and 

gasoline. As shown in the PAS data in Table 3-1, the concentrations of particle bound 

PAHs also decrease sharply with added ethanol.  
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Table 3-1: Mass and black carbon concentrations and PAS readings.  Note that the mass 
and black carbon co-vary while the PAS readings fall faster as ethanol content is increased. 
 

 

 

Fuel 

Mass 

Concentration 

(µg/m3) 

BC** 

Concentration 

(µg/m3) 

PAS 

Signal 

(mV) 

E00 150.1 150.0 1940.3 

E20 * 78.5 1472.5 

E40 * 74.9 235.2 

E85 60.5 71.5 92.5 

     

* data not obtained 

** The BC data should only be used as an indicator of trend and not an absolute 
concentration, due to the presence of interfering species and lack of a source-specific 
calibration. 
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In order to delve more deeply into the chemical nature of the detected PAH species, the 

single-particle data was examined to elucidate relationships between PAH species and 

nitrate ions. In Figure 3-4 each data point represents the intensity due to NO2
-(m/z -46) or 

NO3
- (m/z -62) versus the summed intensities from the entire PAH region (m/z 154 – 300) 

from the spectrum of a single particle. Data is shown for E00 and E85 fuel conditions, 

although the trend is consistent across all fuel types. It can be seen that the particles that 

contain significant PAH peak area frequently contain peaks due to NO2
-, but not NO3

-. 

This trend suggests that either the PAHs are associated with nitrate in the particles, which 

in turn is the source of the NO2
- ion, or that there are nitro-PAHs present. Given the lack 

of signal due to the NO3
- ion, which is routinely observed in combination with signal from 

the NO2
- ion in spectra from particles known to contain nitrate, the most likely explanation 

is the presence of nitro-PAHs, which contain an NO2 group covalently bound to a ring 

carbon, but which do not contain an NO3 group. ATOFMSs are not currently capable of 

being fully quantitative given the variety of particle types and matrices, and nitro-PAHs are 

notoriously difficult to sample and analyze accurately. These results should not be 

interpreted to indicate that the mass concentration of nitro-PAHs is necessarily increasing 

in emissions from high ethanol fuels, but rather that the PAHs that do result from high 

ethanol fuels maybe more nitrogenated.  
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Figure 3-4: NO2
-, NO3

- and PAH relative peak area scatter plots.  Each point represents 
data from the mass spectrum of a single particle detected in the E00 and E85 experiments, 
as indicated below. 
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Figure 3-5 shows the average particle composition as a function of aerodynamic particle 

size for the E85 fuel.  Similar trends are observed for the other fuels examined.  The data 

from both ATOFMS instruments have been combined, to show results over the whole size 

range.  The ATOFMS measures aerodynamic size by measuring size-dependent particle 

velocities (Noble and Prather 1996), (Allen et al. 2000; Noble and Prather 1996). The 

relationship between size and velocity is typically obtained by calibrating with polystyrene 

latex (PSL) spheres. The lasers used to measure these velocities cannot detect PSL spheres 

smaller than ~100 nm. Our measurements of particle velocities indicated that significant 

numbers of particles smaller than 100 nm were present.  Because calibrations are not 

possible below 100 nm, a model (Liu et al. 1995b) was used to extend the calibration to 

lower sizes. Therefore, it is likely that there are significant sizing uncertainties below 100 

nm, but the trends with size are correct. It is clear from these data that low aerodynamic 

particle sizes are associated with elemental carbon (note the relatively simple spectral 

pattern corresponding to carbon cluster ions at low aerodynamic sizes), which is consistent 

with its low effective density (Park, Kittelson, and McMurry 2004). In contrast, PAHs are 

more strongly associated with larger aerodynamic particle sizes (which are found in the 

region indicated with shading). Incomplete combustion is known to be the dominant 

source for both elemental carbon and PAHs; it is possible that they are found in different 

size particles because they are formed and condense at different points in the combustion 

and exhaust cycles. In all the fuels tested, the average molecular weight of the ions detected 

in both the positive and negative mass spectra decreases as the aerodynamic size decreases.  

The contribution of species known to originate from lubricating oil (e.g. calcium, zinc, 



 

phosphate) is more significant in aerodynamically larger particles. The inclusion of these 

species adds complexity to the spectra at mid and high aerodynamic sizes. 

Figure 3-5: Average single particle mass spectra as a function of aerodynamic size for E85. 
The average relative intensity of the ions is indicated on the color
regions of interest are indicated at the top o

 

 

 

 

 

 

 

phosphate) is more significant in aerodynamically larger particles. The inclusion of these 

species adds complexity to the spectra at mid and high aerodynamic sizes. 

Average single particle mass spectra as a function of aerodynamic size for E85. 
The average relative intensity of the ions is indicated on the color-scale.  Specific ions or 
regions of interest are indicated at the top of the figure. 
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phosphate) is more significant in aerodynamically larger particles. The inclusion of these 

species adds complexity to the spectra at mid and high aerodynamic sizes.  

 

Average single particle mass spectra as a function of aerodynamic size for E85. 
scale.  Specific ions or 
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3.3.4. Clustering Results 

In order to investigate the particle population on a number basis, all spectra detected from 

all the fuel types obtained with the two mass spectrometers were combined and then the 

data were clustered using the K-means algorithm implemented in Enchilada (Gross et al. 

2010).  Eight clusters were found to be sufficient to represent the most prevalent particle 

types, based on composition, in all fuel types. These are shown along with the distribution 

of particles among these clusters for each fuel type in Table 3-2 and Figure 3-6. These 

clusters contain 100% of the particles analyzed. The eight cluster centers are described as 

(1) PAHs & Lubricating Oil & Nitrates, (2) Potassium, (3) Organic Carbon & Phosphate, 

(4) High Mass Elemental Carbon, (5) High Mass EC & PAHs & nitrates, (6) PAHs & 

Nitrates, (7) Elemental Carbon & PAHs, and (8) Low Mass Elemental Carbon & Calcium. 

The relative distribution of these particle types may be affected by the test conditions and 

may be slightly different in cooler winter conditions.  The high and low mass elemental 

carbon distinction is made on the basis of the mass-to-charge ratios of the carbon cluster 

ions observed in the cluster center spectra. The “High Mass EC & PAH & Nitrates” 

cluster observed in the E40 data includes particles of the types found in both the "High 

Mass EC" cluster observed in the E20 data and the "PAH & Nitrates" cluster found in all 

fuels. The fact that these particle types are merged in this cluster in E40 could be due to 

the relatively small contribution of the "High Mass EC" particle type, which is not found at 

all in E85, and the fact that most of the "High Mass EC" particles were also found to 

contain PAH ions. The clearest trends are an increase in the percentage of particles in the 



107 
 

 

“Low Mass Elemental Carbon & Calcium” cluster as fuel ethanol increases and the 

simplification of the aerosol composition as fuel ethanol is increased. The lubricating oil 

identification is based on peaks at m/z 141, 155, and 353 that are seen in lubricating oil 

standards analyzed by ATOFMS (data shown in Figure 3-7). The m/z 353 peak is an 

excellent tracer for lubricating oil as it seems to be unique to this source, it is conserved 

through the combustion process, and it appears in a part of the spectrum with few 

interferences. Fewer different particle types result from the high ethanol fuel than from the 

low ethanol fuel, which is consistent with the fact that high ethanol fuels are more 

chemically homogeneous. 
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Table 3-2: Details of the ion composition of the cluster centers shown in Figure 3-6.   Species and/or peaks replicated in the ATOFMS 
analysis of raw lubricating oil (Figure 3-7) are indicated with ‘*’. 
 

Cluster Name Characteristic Ions 

PAH & Lube Oil & Nitrates C+, C2H3
+, C2H3O

+, 115*, 141*, 156*, 353*, PAHs, CN-, HCNO-, NO2
-, NO3

-, PO3
-, HPO4

- 

K+ rich C+, C2H3
+, K+ 

OC & Phosphate C+, C2H3
+, C3H

+, 115*, 141*, 353*, CN-, HCNO-, PO2
-, PO3

-, PO4
- 

High Mass EC Na+, Cn
+ (n = 1 – 15), Cn

- (n = 2 – 8), C4H
-, HSO4

- 

High Mass EC & PAH & Nitrates Na+, Cn
+ (n = 1 – 12), PAHs, Cn

- (n = 2 – 8), NO2
-, C4H

-, HSO4
- 

PAH & Nitrates Na+, K+, PAHs, CN-, NO2
-, PO3

-, HPO4
-, HSO4

-  

EC & PAH C+, Na+, C3
+, Ca+, CaO+, PAHs, C2

-, C2H
-, C4H

-, SO3
-, HSO4

- 

Low Mass EC & Ca+ C+, Na+, C2
+, C3

+, Ca+, CaO+, C2
-, C2H

-, C3
-, C4

-, SO3
-, HSO4

- 

108 
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Figure 3-6: Cluster centers and relative particle populations (by number) as a function of 
fuel type for the combined data from both ATOFMS instruments. 
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Figure 3-7: Average mass spectrum from a lubricating oil standard diluted in methyl ethyl ketone (MEK) and atomized directly into the 
ATOFMS. Specific peaks that are conserved through combustion and used as lubricating oil tracers are identified with a ‘*’ 
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These clustering results reflect particle types within the data set and indicate results on a 

number basis, unlike Figure 3-3 in which results are based on average relative intensities of 

peaks within the mass spectra.  Thus, the combined results from Figures 3-3 and 3-6 

indicate that while a greater number of E00 particles have a simple lubricating oil signature, 

the average intensity of that signature is lower than in particles generated from fuel with a 

high ethanol content, which is again indicative that more homogeneous fuels produce more 

homogeneous particles. 

 

3.3.5 Source Apportionment Implications 

The changes in the physical and chemical properties of the exhaust aerosols will have a 

significant impact on source apportionment profiles used previously to identify spark 

ignition contributions when high ethanol fuels are utilized. For example, the shift in PAH 

molecular weight distributions could potentially lead to high ethanol fuel exhaust being 

misidentified as diesel exhaust (Miguel et al. 1998) and the change in both EC and OC 

fractions along with probable change in their thermal profile could change the results from 

techniques that rely on those markers (Kim, Hopke, and Edgerton 2004).  Eiguren-

Fernandez and Miguel (2009) successfully used the ratio of specific PAHs to EC to identify 

spark ignition sources. We showed a significant shift in the molecular weight distribution of 

emitted PAHs with added ethanol. We also showed a reduction in EC concentration, 

further complicating the application of this or similar apportionment techniques. These 

and other similar methods would require substantial refinement in order to be applicable to 

SI sources burning high ethanol fuels. Markers and chemical ratios that have been reliably 
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used to identify spark ignition vehicles burning gasoline will not be directly applicable to 

the same vehicles burning high ethanol fuels.    

 

3.3.6  Health Effect Implications 

Changing the ethanol content of the fuel is shown to change several exhaust aerosol 

properties that are known to have health effect implications. Particulate mass concentration 

emissions were reduced with added ethanol.  Particle mass and number concentrations are 

known to positively correlate with deleterious human heath effects including increased 

morbidity and mortality (Dockery et al. 1993; Pearson et al. 2010; Zanobetti et al. 2009). In 

addition to the change in particle mass and number concentration the composition of the 

particles changed as well.  The concentration of black carbon and PAHs dropped 

nonlinearly, with the greatest decreases resulting from the change from E00 to E20 and 

lesser changes from further additions of ethanol.  Black carbon and PAHs are associated 

with particles of significant mobility but low aerodynamic sizes (DeCarlo et al. 2004; Slowik 

et al. 2004; Venkataraman, Lyons, and Friedlander 1994). Thus these particles are likely to 

deposit deeply into the respiratory tracts when inhaled (Heyder et al. 1986).  Given the 

carcinogenic properties of many PAH species (Falk, Kotin, and Mehler 1964) increases in 

ethanol fuel concentration may result in the deposition of fewer carcinogenic particles into 

the lungs. Since the deleterious health effects of PAHs are more strongly associated with 

larger molecular weight PAHs (Cerniglia 1992), the PAHs associated with the higher 

ethanol content fuel may be less significant from a health standpoint. However, this health 

benefit is potentially counteracted by the increased proportion of nitrogenated PAHs.  This 

class of compounds is known to be associated with very strong genotoxic, mutagenic and 
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carcinogenic properties (Collins et al. 1998), and thus, further exploration of ethanol-

gasoline fuel mixtures as a source of nitro-PAHs would be appropriate. Without further 

tests to establish how the mass concentration and speciation of the nitro-PAHs changes 

and/or direct in vivo or in vitro tests it is impossible to be certain about the potential 

health implications of ethanol-containing fuel emissions.  This work does, however, point 

to a potentially important research direction. 

 

3.4. Conclusions 
Two ATOFMSs, two SMPSs and additional supporting instrumentation were used to 

examine the physical and chemical properties of combustion aerosol produced by a spark 

ignition engine burning fuels that ranged from no ethanol to 85% ethanol. Our results 

show that mass and black carbon concentrations drop significantly, which is consistent 

with less elemental carbon formation with the better oxygenated fuel. The mobility 

distribution measurements are also consistent with this result, showing sharp decreases in 

particle number concentrations in the accumulation mode with added fuel ethanol.  

 

Single particle mass spectra show that species known to originate from gasoline, such as 

sulfur, decrease as ethanol is added to the fuel while species known to originate from 

lubricating oil are accentuated. This suggests that as we move to cleaner fuels and 

combustion systems, emission from lubricating oil species, mainly metallic ash and certain 

heavy hydrocarbons will be become relatively more important. A decrease in the molecular 

weight of PAH species is observed with added ethanol as well, and PAH containing 

particles are more likely to be associated with NO2 but not NO3, strongly indicative of 



114 
 

 

nitro-PAHs. Further study of this possibility, in a variety of engines operating at a range of 

conditions, with a sensitive technique capable of speciating these compounds would be 

appropriate, given the potential health-implications of these compounds. The ATOFMS 

results also demonstrate the potential pitfalls of relying on signatures from spark ignition 

engines burning little or no ethanol in future source apportionment work, as the fuel 

burned by the vehicle fleet changes to include a higher fraction of ethanol. 
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Chapter 4: Bio-Fuel Combustion: A Single Particle 
Perspective, Part 2: Soy Biodiesel 

4.1. Introduction/Motivation 
Biodiesel has recently reemerged as a common fuel.  However, emissions from biodiesel 

combustion have been studied in much less detail than those from traditional petroleum-

based diesel.  In this experiment, emissions from the combustion of different fuel blends 

(B00, B02, B20, B99, where the number after B indicates the percentage, by volume, of 

biodiesel in the fuel) in a VW TDi (turbocharged direct injection) engine were analyzed by 

aerosol time-of-flight mass spectrometers (ATOFMS) for single particle composition and 

vacuum aerodynamic size.  The ATOFMS results show that the PAH 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.  Clustering results from the single particle spectra 

show that the particles fall in five main types by chemical composition. The aerodynamic 

size distribution of these individual clusters was also determined. These results also show 

that methods used to identify diesel particle emissions for source apportionment are not 

applicable when significant concentrations of biodiesel are used in fuels.   

 

Rudolph Diesel used biodiesel to fuel some of his early prototype diesel engines (Nitske 

and Wilson 1965). In the century since, the use of biodiesel has waxed and waned due to a 

variety of regulatory and political factors. However, the use of biodiesel is again on the rise 

(Korbitz 1999). This renewed interest is due to factors such as its agricultural origin, its 

reduced toxicity as compared to petroleum-based diesel (Korbitz 1999), and its potential 
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environmental benefits (Ma and Hanna 1999; Pahl and McKibben 2008). Also critical to 

biodiesel’s expanded use was the recognition that even highly refined oils were not suitable 

for use in modern diesel engines unless they were converted to esters, usually methyl-

esters, which gave them properties much more similar to petroleum based fuels. The use of 

biodiesel is mandated in some countries (Tiffany 2001). The National Biodiesel Board 

(U.S.) states that U.S. production of biodiesel has increased by a factor of 350 from 2000 to 

2008 (National Biodiesel Board). 

 

Emissions from biodiesel combustion are less well characterized than petroleum diesel 

combustion emissions and many published results are not in agreement.  Many of these 

conflicting results stem from differences in engine types, engine conditions, test conditions, 

and fuel blends. Biodiesel can be made from a number of different feedstocks (Ma and 

Hanna 1999), each of which results in a chemically distinct fuel with properties different 

from petroleum based diesel and different from biodiesel fuels derived from other 

feedstocks (Peterson et al. 2000). 

 

The literature contains many articles that address the effects of biodiesel combustion on 

engine emissions. Much of this work has been cited by Lapuerta et al. (2008). Generally, 

there is consensus that the combustion of biodiesel reduces total hydrocarbon emissions as 

well as soot or elemental carbon mass concentration in the emitted particulate matter. 

Biodiesel has also been found to increase emissions of several but not all carbonyl species 

(Machado Corrêa and Arbilla 2008).  Carbonyls are of particular interest given that vehicles 

are often their major source in urban areas, they have significant health effects, and because 
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these compounds can act as precursors for secondary pollutants such as peroxyacylnitrate 

(PAN) and ozone (Gaffney et al. 1997; Grosjean, Grosjean, and Gertler 2001; He et al. 

2009).  It has also been observed that the use of biodiesel proportionally changes the 

concentration of radiocarbon (14C) found in the particulate emissions (Bennett et al. 2008), 

due to the fuel’s origin in modern, plant-based carbon sources as opposed to the fossil 

carbon sources from which petroleum fuels are derived. The shift in radiocarbon emissions 

can potentially cause errors in models that use 14C concentrations as a surrogate 

measurement for the contributions of both transportation fuels and fossil fuels to 

environmental carbon concentrations. 

 

The effects of biodiesel combustion are not clear for emissions of species such as oxides of 

nitrogen, carbon monoxide, carbon dioxide, total polycyclic aromatic hydrocarbons, and 

total particulate mass concentration, as some reports indicate that their levels increase and 

some reports indicate that their levels decrease. For instance, Peterson et al. (2000)  

observed a decrease in NOx emissions while Senatore et al. (2006) and Lin et al. (2010) 

observed an increase in NOx emissions with increased biodiesel fuel concentration. 

Researchers have also reported conflicting findings about the potential health effects of 

emissions from biodiesel combustion.  Some of these findings indicate that the emissions 

from biodiesel exhaust are less carcinogenic but more toxic than diesel exhaust produced in 

a similar engine (Bünger et al. 2007), other reviews report only modest changes in 

deleterious health effects (McCormick 2007; Swanson, Madden, and Ghio 2007) while 

others report higher mutagenicity (Eckl et al. 1998).  These differences may stem from 

differences in engines, fuel stock and assay type. 
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Particle size measurements, bulk chemical analysis, and single particle analysis techniques 

have all contributed to our understanding of particulate emissions from diesel engines. 

Maricq (2007) lists some of the classes of compounds that have been found in diesel 

exhaust and the techniques used for their analysis.  These techniques have been used to 

characterize vehicular sources for specific organic markers in diesel exhaust particles 

(Kleeman, Schauer, and Cass 2000).  These techniques have also identified compounds and 

methods for the quantification of petroleum based diesel particulate emissions in source 

apportionment studies.  Differentiating the particle contributions from gasoline versus 

diesel combustion is a challenge.  In both cases, a petroleum derived fuel is being 

combusted in the presence of lubricating oil, so the resulting particles have significant 

similarities in chemical composition.   

 

Johnson et al. (2005) were able to use particle size distributions and concentrations with 

vehicle counts to apportion contributions from spark ignition (gasoline) and compression 

ignition (diesel) engines from on road measurements. However, Zarling and colleagues 

(2001) showed that size distributions of exhaust particles changed when biodiesel fuel is 

burned.  The particles produced from Rapeseed Methyl Ester based (RME) biodiesel fuel 

contain higher concentrations of nuclei mode particles (30-50 nm), but lower 

concentrations of accumulation mode particles (>70 nm).  Furthermore, Zarling et al. 

(2001) used a catalytic stripper to remove volatile species from the exhaust particles and 

found that exhaust particles produced from the biofuels contained a larger fraction of 

volatile species. Their work showed the effect of removing these volatile compounds from 
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conventional and biodiesel fuels for the same engine and operating conditions used for this 

study. Thus, biodiesel affects size distributions and composition of emitted particles and 

this effect would need to be accounted for in apportionment models that rely on particle 

size distributions to apportion diesel versus ethanol emissions. Although similar 

measurements have not been carried out for the soy-derived biodiesel fuel used in this 

study, we expect exhaust particles from soy and rapeseed methyl ester fuels would be 

qualitatively similar. 

 

Mass spectrometry of the aerosol particles emitted by engines has proven to be very useful 

for differentiating the emissions from diesel and gasoline-fueled vehicles.  Spencer et al. 

(2006) and Shields et al (2007) were able to identify fuel signatures from dynamometer-

mounted vehicles specific to each fuel type using ATOFMS analysis. Toner et al. (2007) 

were then able to use these signatures to apportion particles from near a roadside to 

gasoline or diesel sources.  The single particle association of elemental carbon and calcium 

has been used by Shields et al. (2007) and Moffet et al. (2008) to differentiate diesel 

emissions from other sources.  Bhave et al. (2001) were able to distinguish several classes 

of particles analyzed by ATOFMS, which contained contributions from diesel emissions, to 

successfully distinguish particles resulting from diesel combustion from particles resulting 

from gasoline combustion. Instruments such as the Aerosol Mass Spectrometer (AMS, 

Aerodyne Research Inc.) have also been used for particle source apportionment.  For 

example, Canagaratna (2004) report using the AMS in a mobile lab to characterize vehicle 

emissions in near-real time.  These apportionment techniques rely on consistent source 

signatures.  The addition of biofuels will change the source emissions and further 
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complicate source apportionment by adding multiple additional dimensions of variability 

(fraction and source of biofuels) to an already complex problem. 

 

Relatively little information about the chemical properties of the particulate phase resulting 

from different mixtures of diesel and biodiesel has been reported.   Thus, in this paper, 

measurements of the chemical properties of exhaust particles produced from a systematic 

progression of bio-diesel blends are described. The primary focus of the discussion is on 

chemical measurements obtained using a single-particle mass spectrometer.  

 

4.2. Experimental Section 

4.2.1. Fuels 

Five different fuel blends were used.  These were B00, B02, B20, and B99 (where BX 

indicates that the fuel contains X percent biodiesel, by volume).  The B00 (low sulfur) and 

soy-based, on-road B99 were obtained from a commercial supplier and used as supplied.  

The B02 and B20 were mixed from the B00 and B99.  A more detailed analysis of the fuel 

properties may be found in Bika et al (2009). 

 

4.2.2. Apparatus 

The experimental setup is summarized in Figure 4-1.  A dynamometer-mounted, 1999 1.9-

liter displacement Volkswagen TDi engine was used for all tests reported in this paper.  

This engine is a direct-injection commercially-available, turbo-charged engine with 

electronic engine management.  It has a 19:1 compression ratio, a 79.5 mm bore and a 95.5 

mm stroke.  This engine is similar to that used in the VW Passat, Golf and Jetta models.  
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The engine was run without after-treatment, at constant speed (2000 RPM) and load (30 

N·m, 15% load), for all tests reported here.  The Exhaust Gas Recirculation (EGR) valve 

was maintained in a closed position during all tests.   
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Figure 4-1: Schematic of the setup for the experiment.  Appropriate transport flows were 
provided for all the instruments and secondary dilution was performed to keep 
concentrations within the operating parameters of all instruments used. 
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4.2.3. Aerosol Sampling and Measurement 

Exhaust dilution was accomplished with an ejector-style dilutor operated similarly to the 

parameters suggested by Abdul-Khalek et al. (2006). The dilution system is capable of 

controlling aerosol residence time, dilution ratio, relative humidity and dilution 

temperature, all of which were held constant through the different fuel types.   Particle-free 

air with a low relative humidity (<5%) was used for dilution. A primary dilution ratio, as 

determined by pre and post dilution NOx and CO2 measurement, between 5.6:1 and 6.6:1 

was maintained for all data presented in this work.  The post dilution temperature was 

maintained below 40 C.  Ejector dilutors have been shown to be an effective way to mimic 

the dilution and quenching that occurs downstream of the tailpipe under real operating 

conditions (Abdul-Khalek, Kittleson, and Brear 1999).  The residence time was held at a 

nominal 1 s.  The dilution ratios used in this paper are somewhat lower than those used in 

some other dynamometer based works.  This may result in high nucleation rates, but we 

believe this should not significantly affect the chemical properties of accumulation and 

coarse mode particles reported here.  Pre-dilution NO and NOx were monitored using a 

Thermo Environmental Instruments Inc., model 10, chemiluminescence instrument.  Post-

dilution based NO was measured using a Monitor Labs, model 8840, chemiluminescence 

instrument. CO2 was monitored using an Horiba PIR-2000, nondispersive infrared 

instrument.  Secondary dilution was utilized only for the ATOFMS with the nozzle inlet in 

order to maintain the particle concentration within the operational parameters of the 

instrument.   
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Exhaust particles were sampled with two TSI 3800 Aerosol Time-of-Flight Mass 

Spectrometers (ATOFMSs) (Gard et al. 1997) for analysis of single particle composition.  

The two ATOFMSs used different inlets, a nozzle and an aerodynamic lens (Liu et al. 

1995a), which are optimized for different particle size ranges.  Vacuum aerodynamic size 

calibrations were obtained by calibrating with polystyrene latex (PSL) spheres, however this 

sizing system is not sensitive to PSL spheres smaller than ~100 nm (Allen et al. 2000).  

Thus, a model (Liu et al. 1995b) was used to extend our physical calibration to sizes less 

than 100 nm for the lens-equipped instrument.  Therefore, it is likely that there are 

significant sizing uncertainties below 100 nm, but the trends with size are correct.  

ATOFMS measurements of atomized uncombusted, lubricating oil, B00 and B99 were also 

carried out.   

 

The single-particle data was clustered using Enchilada software (Gross et al. 2010; ); 

clustering assigns each of the particles to a group, or “cluster,” based on the overall 

similarity of their spectra. The single-particle mass spectra obtained from measurements of 

all fuels were clustered together. Clustering was done using the K-means algorithm, using 

normalized peak area. The smallest normalized peak included in the cluster centers was 

1x10-5 (meaning it represented 0.001% of the total spectral area). To determine an 

appropriate number of clusters with which to represent the data, the error, defined as the 

average distance from each particle to its cluster center, was computed as the number of 

clusters was varied. When the number of clusters is increased above five, the error does not 

significantly decrease, and thus five clusters were chosen. 
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4.3. Results and Discussion 

4.3.1. ATOFMS Measurements 

The average particle composition and trends in several example species from each of the 

fuel conditions analyzed by the ATOFMSs are shown in Figure 4-2.  Also shown are 

average spectra from pure, unburned, nebulized B00 and B99 fuels for comparison to the 

engine exhaust results.  The average intensity of peaks due to sulfur-containing species 

(HSO4
- and SO3

-), the CN- and Ca+ ions all decrease in the single-particle mass spectra with 

added biodiesel fuel content.  However, the sum of all PAH peak areas (vide infra), the NO2
- 

ion and a marker for carbonyl species (m/z = -173, deprotonated octanedioic acid) all 

increase with added biodiesel content.  Since conventional diesel fuel is the primary source 

of sulfur, the trend in sulfur-containing particles is expected.  Similarly, an increase in 

particle-phase carbonyl species with biodiesel combustion has been reported previously 

(Schauer et al. 1999).  An intriguing difference is seen in the organic nitrogen, CN-, and the 

inorganic nitrogen, NO2
-, species.  It is often reported that biodiesel leads to an increase in 

NOx emissions.  Zhang and Boehman (2007) review three possible explanations: (1) 

injection timing advance due to the higher speed of sound in biodiesel, (2) reduced flame 

radiation and (3) prompt NO chemistry. Both advanced timing and reduced flame 

radiation lead to an increase in flame temperature and a consequent increase in NOx, while 

prompt NO chemistry, which enhances the rate of NO formation, could result from 

formation of higher concentrations of certain hydrocarbon radicals. Ban-Weiss, et al. 

(2007) suggest an additional explanation: slightly higher adiabatic flame due to the basic 

thermochemistry of biodiesel.  Whatever the actual mechanism, we observed an average 

increase in gas-phase NOx of 14% with biodiesel, but the highest value was observed for 
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B20 not B99. The NO2
- ion observed in the single-particle mass spectra tracks the biodiesel 

content of the fuel rather than exhaust NOx and shows a trend opposite to that of organic 

nitrogen, suggesting that other mechanisms are involved.  
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Figure 4-2: The central Figure shows average ATOFMS mass spectra of engine exhaust 
and of raw, uncombusted, B00 and B99 fuels.  Surrounding bar graphs show trends in the 
average intensity of (clockwise from top left) sulfates, an organic nitrogen marker (CN-), 
calcium, PAHs, NO2

-, and a carbonyl compound, as a function of fuel type. 
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Since the majority of the signal in the mass spectral region from m/z = +154 - 300 is due 

to PAHs, given the lack of contribution from other ions that would appear in this range 

(e.g. lead, high m/z carbon clusters, etc.), we have made the approximation that the entire 

signal in this range is due to PAH ions.  There is likely to be only a very small contribution 

from other ions in this region, and thus the sum of the peaks in this spectral region can be 

assumed to represent the total peak area due to the PAH ions. The observed trend shows 

that the total signal due to PAHs increases as the biodiesel fraction increases.  These results 

do not necessarily indicate that the mass concentration of these species has increased, 

rather only that the relative intensity (or fraction of spectral signal) due to these peaks has 

increased.  

 

No significant trends in PAHs are seen when the absolute peak areas are examined.  Nor 

are any distinct trends in the molecular weight distributions of the observed species seen, 

which is in agreement with previous results (Turrio-Baldassarri et al. 2004).  This result is in 

contrast to the observations from ATOFMS spectra for ethanol-gasoline mixtures (vide 

supre).  Thus, we can say that the proportion of PAHs increases with added biodiesel 

concentration, which is largely driven by a decrease in other species.  However, when 

uncombusted fuels were nebulized and analyzed by ATOFMS, the PAH signal from diesel 

was dramatically higher than the PAH signal from biodiesel.  The relatively constant PAH 

signal observed from the combusted fuels, the differences in the PAH signal from the 

uncombusted fuels, and the known tendency of diesel engines to directly emit lubricating 

oil, suggests that the PAHs are largely due to the lubricating oil.  PAH are known to 

accumulate in lubricating oil with engine use (Carmichael et al. 1990).  Given that the 
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absolute magnitude of the signal from many compounds that are easily ionized is decreased 

with increasing biodiesel (Elemental Carbon (EC), Ca etc, vide infra), it is likely that these 

are replaced by OC compounds when biodiesel content increases.  Many Organic Carbon 

(OC) compounds (with the exception of PAHs) have a low ionization probability in the 

ATOFMS (Silva and Prather 2000).  These trends may also help explain why the 

contribution from PAHs increases in relative but not in absolute intensity.  This 

explanation for this result is further strengthened by the results of Zarling et al (2001) who 

show that particles resulting from biodiesel combustion are much more volatile than 

particles resulting from petroleum based diesel.  

 

Both the relative and absolute averages of the Ca+ peak (m/z = 40) are seen to inversely 

depend on biodiesel concentration.  Lubricating oil is known to be a significant source of 

calcium in all engine exhaust and it is known that diesel engines directly emit some droplets 

of lubricating oil.  The biodiesel concentration in the fuel, however, should not significantly 

affect the emissions of this lubricating oil.  Two factors likely explain the observed trend in 

the Ca+ ion.  The concentration of calcium in lubricating oil has been found to be orders of 

magnitude higher than the concentration in diesel or biodiesel (Gligorijevic, Jevtic, and 

Biresaw 2004; Jung, Kittelson, and Zachariah 2003; Maxwell and Mohler 1973; Ziba-Palus 

1998).  ATOFMS analysis of nebulized diesel fuel and biodiesel fuel (Figure 4-2) reveal that 

Ca+ intensities from diesel fuel are about twice those for biodiesel.  Second, lubricating oil 

metal compounds generally associate themselves with soot particles (Dočekal, Krivan, and 

Pelz 1992; Kim, Fletcher, and Zachariah 2005)  In the absence of soot, the calcium 
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compounds may nucleate to form nanoparticles too small to be seen by the ATOFMS, 

which may contribute to the large nucleation mode seen in higher biodiesel fuel conditions.  

 

Figure 4-2 also shows that the carbonyl species octanedioic acid (deprotonated, m/z =-173) 

increases with biodiesel content.  This trend is consistent with other studies of the effects 

of biodiesel on carbonyl species (Cardone et al. 2002; He et al. 2009; Machado Corrêa and 

Arbilla 2008).  Schauer et al. (1999) report emission of 138 µg/km of octanedioic acid from 

a medium duty diesel truck and our work shows that the contribution of this species is 

more significant with added biodiesel.  

 

The averaged spectra (Figure 4-2) also demonstrate the difficulty of finding one marker for 

identifying all diesel particles.  The ratio of EC to Ca+ has been used successfully to identify 

particles produced by diesel engines burning high concentrations of petroleum-based 

diesel.  Our results show that this ratio varies by almost an order of magnitude, from 0.1, 

for B00 to 0.91 for B99.  Thus, this ratio will be unreliable as a marker for diesel engines 

burning higher concentrations of biodiesel. 

 

The mass spectra, averaged as a function of aerodynamic particle size, are shown for the 

B99 fuel in Figure 4-3.  These data show the dominance of detected soot-like composition 

at smaller aerodynamic sizes, the addition of higher molecular weight ions, including 

PAHs, at larger aerodynamic sizes, and the strength of lubricating oil markers even at 

relatively small particle sizes.  Similar results were obtained for the other fuels, and are not 

shown. 
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Figure 4-3: Size-resolved average single-particle mass spectra as detected by the 
ATOFMSs for B99 fuel.  The color of the pixel indicates the average relative intensity of 
the ion in the average mass spectra of particles in that size range.  The legend at the top 
shows the location of Cn

± ions as well as the region where PAH ions are detected.  The 
novel lubricating oil marker at m/z 353 is also indicated. 
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4.3.2. Clustering Results 

In order to investigate the types of particles emitted based upon their composition, we 

clustered the single-particle mass spectral data by overall similarity using the K-means 

algorithm.  Five clusters were then identified through their major peaks. The clusters were 

named, based on their major components, as follows: Organic Carbon (OC), Ca+ Rich, Na 

& K & Elemental Carbon (EC), EC, and Lubricating Oil & Nitrates.  

 

Major ions in identified in each of the clusters are listed in Table  4-1.  Figure 4-4shows the 

average mass spectra (the cluster center) for each of the 5 clusters, as well as the fraction of 

the total particles detected in each experiment which are assigned to these clusters.  The 

most obvious features of this Figure are the relative increase in the population of particles 

in the “OC” cluster and the relative decrease of the particles in the “Ca+ rich” cluster.  The 

“OC” cluster contains a signature from organic carbon peaks and lubricating oil, and 

comprises an increasing fraction of the particles detected in each fuel, as the fraction of 

biodiesel increases, up to 65% of the total particles detected in B99.  This cluster was the 

dominant cluster in the particle size range from 100 to 400 nm in vacuum aerodynamic 

diameter; although it decreased at around 200 nm.  The normalized size distributions for 

each cluster are shown in Figure 4-5 (bottom panel).  In this Figure, data from all the 

experiments are combined, and the size distributions are normalized to show the 

percentage of the detected particles in each size bin that are assigned to a particular cluster 

based upon their chemical composition.  The top panel in Figure 4-5 shows the total 

number of particles detected in all experiments, as a function of size, to emphasize that a 

large percentage of particles in the normalized size distributions shown for each cluster in 
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the bottom plot does not necessarily indicate that a large number of particles were detected 

at that aerodynamic diameter.  As shown in Figure 4-4, a decreasing percentage of particles 

are assigned to the “Ca+ rich” cluster as the percentage of biodiesel increases.  This trend 

was also observed in the average mass spectra of each fuel type shown in Figure 4-2.  The 

“Ca+ rich” cluster also contained small signals from sulfates and lubricating oil.  The 

population is the highest in the diesel fuel (B00), comprising 41% of the particles, and 

decreases to 5% in the purer biodiesel (B99). The Ca+ particles occupy a wide range of 

sizes above ~100 nm, but are most dominant near a vacuum aerodynamic size of 200 nm, 

as shown in Figure 4-5. 
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Table  4-1:  Details of the ion composition of the cluster centers.  Lubricating oil marker peaks are indicated with ‘*’. 

 

Cluster Name Characteristic Ions 

Organic Carbon (OC) C2H3
+, C3H

+, C3H3
+, C2H5

+. C3H7
+. C4H2

+, C5H3
+, 141*, 155* 

 

Lubricating Oil & Nitrates C2H3
+, K+, C3H6

+, C5H2
+, 141*,155*, 353*, NO2

-, NO3
-, HSO4

- 

 

Na+& K+ & Elemental Carbon Na+, K+, C1
+, C3

+, C4
+, C5

+,  141*, 155*, 353*, C2
-, C3

-, C4
-, C5

-, C6
- 

 

Elemental Carbon (EC) Cn
+,(n = 1,2,3,4,5,6,7,8,9,10,11,12), Cn

- (n = 1,2,3,4,5,6), Na+, K+, 141*, 155* 

 

Ca+ Rich C+, Na+, K+, Ca+, CaO+, Ca2O
+, 141*, 155*, 353*, C2, C4

- 

  

* Lubricating oil marker

135 
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Figure 4-4: The assignment of single-particle spectra to the five significant cluster centers 
is shown here.  The central Figure shows the population of each cluster as a percentage of 
the total particles sampled from each fuel type.  The surrounding spectra show the cluster 
center obtained for each of the significant clusters.  Details of the ions within each cluster 
center are provided in table 4-1. 
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Figure 4-5: The top panel shows the raw number of particles detected by both ATOFMS 
instruments as a function of the vacuum aerodynamic size, during all experiments. This 
data is not corrected for ATOFMS detection efficiencies and thus, is not indicative of the 
real size distribution. The bottom panel shows the fraction of the detected particles in each 
size bin which are assigned to each cluster (i.e. each size bin is normalized to one), 
combined for all fuel conditions. 
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The trends in the other clusters are less clear and are summarized here.  The “Lubricating 

Oil & Nitrates” cluster contained some organic carbon signal along with the strong 

lubricating oil and nitrates signal.  An increasing fraction of the particles were assigned to 

this cluster as the biodiesel fraction increased, in the B00 – B20 studies, although it 

decreased relative to the total with the B99 fuel.  The lubricating oil was identified based on 

the ions previously identified as lubricating oil markers (Dutcher et al. 2011).  It was also 

the dominant cluster in the size range from 400 nm to 2 µm in diameter.  The “Na+ & K+ 

& EC” cluster contained sodium, potassium and elemental carbon along with some 

lubricating oil signal.  The contribution from this cluster was relatively consistent across all 

fuel types. It was the dominant cluster in the size range from 2 to 10 µm.  The “Elemental 

Carbon” cluster only contained carbon cluster ions. There was no clear trend in the 

population of this cluster with fuel type.  It was the dominant cluster in the size range from 

10 to 100 nm. 

 

Previous ATOFMS work has demonstrated the utility of particles containing EC associated 

with Ca+ to identify diesel engines as a particle source (Shields et al. 2007; Moffet et al. 

2008).  Our results indicate that this association is not applicable to biodiesel emissions. 

 The elemental carbon content of the particles is not stable across all fuel types, which in 

turn affects EC/Ca+ ratios.  Thus, a unique marker for biodiesel-specific emissions ought 

to be investigated rather than relying on diesel surrogates.  In the absence of an extensive 

set of source profiles, it is not possible to suggest a marker that will be highly 

discriminatory and selective.  The ratio of HSO4- to K+ decreases by a factor of 6 from 

B00 to B99.  Thus, the data presented here does suggest that a combination of OC 
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particles along with a strong K+ signal in the absence of a strong sulfate signal would be 

worth considering as a marker, provided that it can be distinguished from biomass burning 

particles.  Additionally it may be important to test different biodiesels from different 

feedstocks to prevent potential misidentification. 

 

4.4. Conclusions 
Two ATOFMSs were used to examine the chemical and physical properties of combustion 

aerosol produced by a small diesel passenger car engine burning fuels that ranged from no 

(0%) biodiesel to 99% biodiesel.  

 

In contrast to results from ethanol/gasoline mixtures combusted in spark ignition engines 

(vide supra), the single particle mass spectra from these tests show that the relative 

concentration of metals known to originate from lubricating oil is not increased with 

increasing biodiesel concentration.  This difference is likely due to a lack of nucleation sites 

on particles within the size range of these instruments.  The possibility and implications of 

driving metals to deposit on smaller particles that could deposit deeper in the lungs 

through the use of high biodiesel fuels is worth further exploration.  Our results also show 

that while the relative intensities of many species such as sulfates are decreased, other 

species such as some carbonyls are actually increased as the biodiesel content of the fuel 

increases.  These findings have significant implications for those doing source 

apportionment work.  Burning high biodiesel fuels can dramatically change the ratios of 

species found within these spectra, creating the possibility for the misapportionment of 

these particles. 
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Chapter 5: Conclusions and Future Direction 

 
Aristotle  (translation- 1953) once wrote that, “The whole is different from the sum of its 

parts.”  Though Aristotle was discussing metaphysics not analytical instrumentation, the 

idea none-the-less applies.  For example, in mass spectrometry, there are circumstances 

when one can learn more through the use of two dimensional chromatographic separation 

and analysis than through simple one dimensional gas chromatography/ mass spectrometry 

alone.  This concept remains true in aerosol science.  The more properties of an aerosol 

particle that can be determined, the better the particle can be characterized and brings us 

one step closer to the vision promoted by Friedlander, one the founders of aerosol science, 

when he discussed the need for instrumentation to measure an aerosol’s composition 

probability density function.  However, the additional information is not simply additive 

but multiplicative.  When a particle is characterized by ATOFMS after being mobility 

classified in a DMA, we do not just learn the mobility size, vacuum aerodynamic size and 

composition, we can also combine these characteristics and learn the effective density. 

 

The second chapter of this dissertation shows that measurements with an ATOFMS in 

tandem with other instrumentation enable a far more detailed characterization of the 

physicochemical aerosol particle properties than can be achieved with one technique alone.  

Some of the techniques pioneered in this research, such as measurements of particle 

“brightness”, have already been adopted by multiple other researchers.  The use of such 

tandem techniques is advancing our knowledge of and the completeness of our view of 

aerosol particles. 
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Utilizing signals already generated by and present in the ATOFMS but not previously fully 

utilized allows the establishment of relationships between a particle’s “brightness” (light-

scattering properties), vacuum aerodynamic size and composition.  Given the ease of 

adding this data to that captured by the ATOFMS by the instrument manufacturer and 

software developer, I would strongly suggest that both that a retrofit modification kit be 

made available to current owners of an ATOFMS and future versions of this instrument 

should be manufactured to include the ability to capture this data. 

 

Tandem measurements including the use of an ATOFMS and DMA can provide 

information about the relationships between a particle’s vacuum aerodynamic size, mobility 

size and composition.  Two of these factors also combine to reveal a particle’s effective 

density and allow the relationship between effective density and composition to be 

established.  While I was the first to use an ATOFMS to make such measurements, others 

have previously done so with analogous instruments.  Everything published at this point, 

including my own work, has used this technique to characterize combustion aerosols and 

reference aerosols.  It would be interesting and perhaps informative to see the technique 

applied to other aerosol sources and other particle shapes (i.e. particles of more moderate 

fractal dimension).  This application would likely require that an alternate aerodynamic lens 

be designed and installed that could focus larger aerodynamically sized particles but this 

requirement is ultimately a minor task given the design tools now available.  

 

One of the two largest areas for improvement and extension of measurements described 

and established in this dissertation is in the continuation of measurements using 
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VTDMA/HTDMA and ATOFMS.  Our initial attempts were stymied by the contaminant 

issue due to the ferrofluid in the APM.  An alternative ferrofluid has been identified and 

recommended by the APM’s manufacturer. Additionally, we now know not to use a 

VTDMA/HTDMA system that has been used in series with an APM without cleaning and 

decontamination if the ATOFMS will be used in series.  Given these factors additional 

measurements of these sorts allowing the relationship between single particle composition 

and particle volatility/hygroscopicity should now be more successful.   

 

The marginally successful attempts to make tandem TDMA/ATFOMS measurements also 

show the importance of chemical characterization even when trying to make physical 

measurements.  Previous users of the APM were unaware that the vapor from the 

ferrofluid was reacting with acidic particles to create new chemical products.  The extent of 

the reaction and whether the resultant changes were internally or externally mixed (i.e. just 

on the surface or evenly mixed throughout the particle) is still not fully understood though 

now that an alternative ferrofluid has been identified no further expenditure of resources to 

examine this question is currently logical unless the reaction is so extensive as to change 

previously published results.  However, this mistake does point to an interesting research 

path analogous to the derivatization of products otherwise not analyzable through GC 

techniques.  Polar analytes are often poor candidates for GC separation because they do 

not elute from GC columns with adequate efficiency.  When these analytes are chemically 

derivatized with another chemical species the polarity can be changed enough to allow GC 

separation and elution.  Similarly, some acidic particles such as those dominated by sulfuric 
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acid are poorly sensed by the ATOFMS.  When allowed to react with an amine though, 

they are highly analyzable.   

 

The most important area for future research identified in this work is contained in the 

chapter on the physicochemical characterization of gasoline engine exhaust as a function of 

fuel ethanol content.  The results indicate, as one might logically expect, that the chemical 

composition of the exhaust particles depends on the chemical composition of the fuel.  

The result that deserves the most follow up due to its potential significance is the increase 

in the portion of the PAHs that were nitrogenated as fuel ethanol content was increased.  

Since nPAHs are many times more genotoxic and carcinogenic than their PAH analogues 

this result is potentially quite significant.  However, these are not easy measurements to 

make, so follow up experiments will have to be very well designed and executed to be 

meaningful.  While measurements of PAHs have become routine, measurements of 

nPAHs are much more challenging.  They are less stable over time, prone to evaporate 

from filters or collection media during the collection and analysis process and do not elute 

well from gas chromatograph columns. 

 

Another important result to come out of this work that has immediate significance is that 

now that motor vehicle fuels are much cleaner (i.e. purer hydrocarbon content and lower 

sulfur and metal concentrations, etc.) the next area to target in order to improve to lower 

solid or liquid phase emissions is the lubricating oil.  Lubricating oil has several additives 

such as zinc dianklydithiophosphates (ZDDPS) and calcium sulphonates to inhibit 

corrosion and promote better lubrication (Cisson et al 2006).  The role of the lubricating 
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oil’s additives and contaminants in the physicochemical properties of the exhaust aerosol 

may be the logical and productive target for the next generation of reductions or changes 

in engine exhaust.  Given that metals, especially those contained in particles with small 

aerodynamic diameters that penetrate deeply into the human respiratory system, have 

greater human health impacts than some other species this area has particular significance. 

Further exploration of this area may have significant importance especially from a health 

and regulatory standpoint. 

 

This dissertation explores several areas, answers several question, points towards a logical 

direction for future research and, like most good research, raises even more questions.  

Ultimately this is all the author of a dissertation can hope to accomplish. 
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